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Remarks 

Applicants respectfully request consideration of this Amendment and Reply after 
a Final Office Action because the Amendment and Reply is being filed under 37 C.F.R. 
§ 1.114 with a Request for Continued Examination. See 37 C.F.R. §1.11 6(a). 

Further to the Advisory Action mailed on July 1, 2009, it is Applicants' 
understanding that the amendments and evidence submitted in the Amendment and 
Reply Under 37 C.F.R. § 1.116 filed on June 9, 2009 have not been entered. As such, 
these amendments and evidence have been included in the present Amendment and 
Reply for the Examiner's consideration. 

Upon entry of the foregoing amendments, claims 1, 3-5, 7-13, 16 and 20 are 
pending in the application, with claim 1 being the sole independent claim. Claims 2, 6, 
14, 15, 17-19, 21 and 22 were previously canceled without prejudice to or disclaimer of 
the subject matter therein. 
Location of Support for the Amended Claims 

Claim 1 is sought to be amended to further clarify the subject matter of the 
present claims. Support for the amendment of claim 1 can be found, for example, at 
page 4, lines 5-14 and Examples 1-7 of corresponding Int'l Pub. No. WO 00/27997 
(hereinafter "specification") and original claim 7. 

In the Advisory Action mailed on July 1, 2009, the Examiner indicated that the 
phrase "comprising serum" would require a new matter rejection. As described in detail 
below, in haec verba support is not necessitated by the written description requirement 
of 35 U.S.C. § 1 12, first paragraph. See Union Oil ofCal. v. Atlantic Richfield Co., 208 
F.3d 989, 1000 (Fed. Cir. 2000); see also M.P.E.P. § 2163.02. Newly added claim 
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limitations may be supported in the specification through express, implicit, or inherent 
disclosure. See M.P.E.P. § 2163(I)(B) and § 2163.07(a). 

Applicants assert that the phrase "comprising serum" does not add new matter. 
Specifically, the specification provides that traditional culture methods utilize fetal calf 
serum and provides specific examples of culture media containing 10% fetal calf serum. 
See, e.g., lines 1-3, page 13, and Tables 1 and 2 of the specification. The specification 
discloses that the culture media in certain embodiments is characterized by the absence 
of serum from the culture media, and that the low levels of impurities in recombinant 
erythropoietin (rEPO) obtained by the disclosed methods are due to the substitution of 
serum by insulin. See, e.g., lines 20-23, page 5; lines 10-13, page 6; and lines 7-12, page 
12 of the specification and original claim 6. As such, the specification clearly discloses 
culturing and expanding mammalian cells in media containing serum and culturing 
mammalian cells in serum-free media containing insulin. 

In addition, it was well known in the art at the time the present application was 
filed that the propagation of mammalian cells generally required the presence of serum in 
culture media. For example, U.S. Patent No. 5,547,933 (cited at line 8, page 3 of the 
specification) discloses that "[t]he propagation of mammalian cells in culture generally 
requires the presence of serum in the growth media," and provides an example of a 
standard culture medium containing fetal calf serum. See, e.g., column 27, lines 10-24. 
In addition, other sera were known to be useful in culture media, including fetal bovine 
serum, as well as other mammalian sera. See, e.g., Jayme and Blackman, Adv. 
Biotechnol. Processes, 5\ 1-30; 1985; abstract attached as Exhibit A. 

Information which is well known in the art need not be described in detail in the 
specification. See, e.g., M.P.E.P § 2163 and Hybritech, Inc. v. Monoclonal Antibodies, 
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Inc., 802 F.2d 1367, 1379-80 (Fed. Cir. 1986). Thus, in view of the disclosure in the 
specification and the knowledge available in the art at the time the present application 
was filed, one of ordinary skill in the art would know that mammalian cells were 
typically grown in culture media comprising serum and would know multiple types of 
sera useful in the culturing of mammalian cells. 

In addition, the dependency and/or antecedent basis of claims 3-5 and 7-13 have 
been amended in view of the amendment of claim 1 . Accordingly, these changes do not 
add any new matter, and their entry is respectfully requested. 

Based on the amendments and remarks herein, Applicants respectfully request 
that the Examiner reconsider the outstanding rejections in the Final Office Action mailed 
on March 10, 2009 and comments in the Advisory Action mailed on July 1, 2009, and 
that they be withdrawn. 

/. Rejections Under 35 U.S.C. § 112, First Paragraph 
A. Written Description /New Matter 

The Examiner maintains the rejection of claims 1, 3-5, 7-13, 16 and 20 under 35 
U.S.C. § 112, first paragraph, as allegedly failing to comply with the written description 
requirement (new matter). See Office Action at page 2. Specifically, the Examiner 
alleges that support is not provided in the specification for the breadth of the term 
"pyruvate" in the claims. See Office Action at page 2. Applicants respectfully disagree 
with the Examiner's position. 



Atty. Dkt. No. 1909.0040002/JAG/PAJ 



Amdt. dated July 10, 2009 - 9 - CARCAGNO et al 

Appl. No. 09/830,968 

The test for the written description requirement is whether, at the time of filing, 
one skilled in the art could have reasonably concluded that the inventor had possession 
of the claimed invention in the specification as filed. Vas-Cath Inc. v. Mahurkar, 935 
R2d 1555, 1563 (Fed. Cir. 1991); see also M.P.E.P. § 2163.02. An important 
consideration in assessing written description of a claimed invention is the knowledge of 
one skilled in the art. See Capon v. Eshhar, 418 F.3d 1349, 1357-1358 (Fed. Cir. 
2005)("[t]he descriptive text needed to meet these [written description] requirements 
varies with the nature and scope of the invention at issue, and with the scientific and 
technologic knowledge already in existence."). Moreover, the disclosure of a single 
species has also been found to be sufficient to support a claimed genus when the 
disclosure of that species would lead a person of ordinary skill to the genus. See In re 
Herschler, 591 F.2d 693 (CCPA 1979); see also M.P.E.P. § 2163.05. In Herschler, the 
Court held that the disclosure of one corticosteroid was sufficient to support 
"physiologically active steroid" because the use of the compound would lead one of 
ordinary skill to the entire class of compounds. Id. at 697. 

Furthermore, in haec verba support is not necessitated by the written description 
requirement of 35 U.S.C. § 112, first paragraph. See Union Oil of Cal. v. Atlantic 
Richfield Co., 208 F.3d 989, 1000 (Fed. Cir. 2000); see also M.P.E.P. § 2163.02 ("The 
subject matter of the claim need not be described literally (i.e., using the same terms or in 
haec verba in order for the disclosure to satisfy the description requirement."). Newly 
added claim limitations may be supported in the specification through express, implicit, 
or inherent disclosure. See M.P.E.P. § 2163(I)(B) and § 2163.07(a). 

Applicants assert that the specification provides adequate written description 
support under 35 U.S.C. § 112, first paragraph, for the breadth of "pyruvate" 
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encompassed by the presently-pending claims. Specifically, the specification provides 
general disclosure for methods of culturing cells {see, e.g., lines 5-7, page 1 and lines 18- 
20, page 3 of the specification), as well as multiple specific examples of culture media 
containing sodium pyruvate (see, e.g., Table 1). In view of Federal Circuit precedent, 
this disclosure would lead the person of ordinary skill in the art to the full breadth of the 
term "pyruvate," in particular, upon consideration of the knowledge of one of ordinary 
skill in the art at the time the present application was filed. 

At the time the present application was filed, one of ordinary skill in the art 
would have understood that glucose was the primary energy source of most organisms. 
See, e.g., Lehninger et al., eds., Principles of Biochemistry, 2 nd ed., New York, NY, 
Worth Publishers, Inc.; 1993; pages 400-401; attached as Exhibit B. Energy was known 
to have been predominantly derived from glucose by glycolysis, the process whereby 
glucose is converted to pyruvate, which then produces ATP for cells. See id. at page 
401. As such, at the time the present application was filed, culture medium was often 
supplemented with pyruvate to provide cells with easy access to the components for 
energy production. See id. and Brinster and Troike, J. Anim. Sci. 49 Suppl 2: 26-34; 
1979; abstract attached as Exhibit C. Several different salts of pyruvate were also known 
in the art at the time the present application was filed including, for example, sodium 
pyruvate, potassium pyruvate (Ogawa et al., J. Urol. 135: 1057-1060; 1986; abstract 
attached as Exhibit D), calcium pyruvate (Ivy et al., Am. J. Clin. Nutr. 59: 331-337; 
1994; attached as Exhibit E), and ammonium pyruvate (Jezek and Borecky, Am. J. 
Physiol. 275: C496-C504; 1998; attached as Exhibit F). Therefore, at the time the 
present application was filed, one of ordinary skill in the art would know that pyruvate 
was routinely added to cell culture medium as an energy source, and would know several 
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exemplary salts of pyruvate. Accordingly, one of ordinary skill in the art would 
implicitly understand from the disclosure of sodium pyruvate in a cell culture medium 
that pyruvate was the essential component for cellular energy production and that other 
pyruvate salts could clearly be used in such medium. 

Thus, the specification provides adequate written descriptive support under 35 
U.S.C. § 112, first paragraph, for the presently-pending claims. Accordingly, Applicants 
respectfully request that the rejection be reconsidered and that it be withdrawn. 

The above notwithstanding, Applicants note that claim 16 specifies that the 
pyruvate is "sodium pyruvate." As such, it is Applicants' understanding that at least 
claim 16 falls within the scope of subject matter that the Examiner finds supported by the 
disclosure. See, e.g., Office Action at page 2. 

B. Enablement 

The Examiner maintains the rejection of claims 1, 3-5, 7-13, 16 and 20 under 35 
U.S.C. § 112, first paragraph, as allegedly failing to comply with the enablement 
requirement. See Office Action at pages 3-6. In particular, the Examiner maintains that 
the state of the art at the time the present application was filed teaches that various 
factors affect the production of recombinant proteins in serum- free medium. See Office 
Action at page 3. The Examiner indicates that "[t]he specification does not enable 
culturing cells expressing recombinant human EPO using Culture Medium 3 alone ...," 
and is "limited to sequential culture conditions that sustain the growth and proliferation 
of CHO cells to produce EPO." Office Action at page 5. Applicants respectfully 
disagree for at least the reasons of record. 
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However, solely to advance prosecution, and not in acquiescence to the 

Examiner's rejection, Applicants have amended independent claim 1 to specify a method 

for obtaining human erythropoietin comprising culturing and expanding mammalian 

cells which express recombinant human erythropoietin in culture medium comprising 

serum; culturing the cells in culture medium consisting of: (i) DMEM; (ii) F12 medium; 

(iii) insulin; and (iv) NaHCC>3, glucose, lactose, galactose, ethanolamine, pyruvate, 

glutamine, tryptophan, asparagine, and serine as additives; separating supernatant 

containing human erythropoietin from the cells; and concentrating the supernatant and 

recovering human erythropoietin. 

In view of the Examiner's comments, for example, at page 4 of the Office Action, 
it is Applicants' understanding that the amended claims fall within the scope of subject 
matter that the Examiner finds enabled by the specification. However, Applicants will 
address the Examiner's arguments in the event that the Examiner may find them 
applicable to the amended claims. 

As a preliminary matter, the Examiner cites Wang et al. (2002), Yang et al. 
(2002), Schroder et ah (2004), and Lee et al. (1999) at pages 3 and 4 of the Office 
Action as evidence that the state of the art at the time of filing teaches various factors 
affect the production of recombinant proteins in serum-free medium. Applicants note 
that these references were published after the November 6, 1998 priority date of the 
present application, as currently claimed. According to M.P.E.P. § 2164.05(a), 
"[publications dated after the filing date providing information publicly first disclosed 
after the filing date generally cannot be used to show what was known at the time of 
filing." See also In re Budnick, 537 F.2d 535, 538 (CCPA 1976)(In general, if an 
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applicant seeks to use a patent to prove the state of the art for the purpose of an 
enablement requirement, the patent must have an issue date earlier than the effective 
filing date of the application.). Applicants submit that the cited references cannot be 
properly relied upon as evidence of the state of the art at the time of filing of the present 
application, based on the current record. 

The above notwithstanding, a person of ordinary skill in the art could practice the 
subject matter of the amended claims without undue experimentation, based on the 
guidance in the specification and the level of skill in the art. Undue experimentation 
does not mean "no" experimentation, only that it be reasonable. See, e.g., In re Wands, 
858 F.2d 731, 737 (Fed. Cir. 1988)("The test is not merely quantitative, since a 
considerable amount of experimentation is permissible, if it is merely routine, or if the 
specification in question provides a reasonable amount of guidance with respect to the 
direction in which the experimentation should proceed."). In contrast to the Examiner's 
assertion, it is clear the state of the art is such that recombinant proteins can be 
successfully produced in cells grown in serum-free medium without undue 
experimentation. 

The references cited by the Examiner, Wang et aL, Yang et aL, Schroder et aL, 
and Lee et aL, teach a variety of serum- free media to produce rEPO from cultured cells, 
and teach that the ordinary artisan can adapt a cell line to grow in serum-free medium 
and achieve production of the recombinant protein. For example, "[o]nly minor changes 
in the medium formulation were necessary for its use in the cultivation of anchorage- 
dependent and suspension cells. Adaptation of cells grown in the [serum-free] 
formulation to a protein free medium was easy and straight forward." Schroder et al. at 
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page 290. As such, Schroder et al. clearly teach that optimizing a cell culture medium 
formulation to grow cells in serum-free medium is well within the skill of the ordinary 
artisan and would not require undue experimentation. 

Here, amended claim 1 provides a specific list of cell lines for the production of 
rEPO, a list of specific additives for the DMEM and F12 medium for the production of 
rEPO from these cells, and specific steps for culturing and expanding these cells, 
separating and concentrating supernatant from these cells, and recovering rEPO from the 
supernatant. Thus, the only thing remaining for the ordinary artisan is determining the 
concentration of additives. Determining the concentration of additives for a medium for 
the production of a recombinant protein by culture can easily be achieved, for example, 
by statistical optimizations based on the Placket-Burman design. See, e.g., Lee et al at 
Abstract. According to Schroder et al, the production of a protein- free medium is 
achieved by the removal or addition of individual components followed by observing the 
growth of the cells. See, e.g., Schroder et al. at pages 288-290. As pointed out by 
Schroder et ah and Lee et al., these optimization techniques would not require ingenuity 
beyond those of the ordinary laboratory worker, especially when the laboratory worker is 
already given the specific additives to include in the medium. See, e.g., Schroder et al. at 
page 290, and Lee et al at page 92. 

At page 5 of the Office Action, the Examiner alleges that M [t]he specification fails 
to correlate the culture conditions obtained with CHO cells to COS, BHK, Namalwa and 
HeLa cells," and that it is unclear that serum-free conditions would allow COS, BHK, 
Namalwa and HeLa cells to express rEPO. Applicants respectfully disagree. 
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According to the specification, the rEPO-expressing cells of the invention are not 

limited to CHO cells, and can be selected from mammalian cells, or in some 

embodiments, from CHO, COS, BHK, Namalwa or HeLa cells. See, e.g., page 5, lines 

24-27 of the specification. Also, at the time the present application was filed, one of 

ordinary skill in the art would have understood that COS, BHK, Namalwa and HeLa 

cells could be utilized to express recombinant proteins in serum-free conditions, and 

would know methods to express recombinant proteins in these cells under such 

conditions. For example, Levesque et al. (Biotechniques 77:313-318; 1991; abstract 

attached as Exhibit G) report a defined medium that allows efficient DNA transfections 

and recombinant protein production in COS cells cultured in serum- free conditions. Hill 

et al. (J. Lipid Res. 34: 1245-1251; 1993; attached as Exhibit H) report the establishment 

of a BHK cell line that efficiently expresses large quantities of recombinant 

lecithin: cholesterol acyltransferase in serum-free medium. Miyaji et al. (Cytotechnol. 

4:39-43; 1990; abstract attached as Exhibit I) report that the Namalwa cell line, KJM-1, 

can be utilized to express foreign genes, such as human beta-interferon and human 

lymphotoxin, in serum-free medium. In addition, Rindisbacher et al. (J. Biol. Chem. 

270: 14220-14228; 1995; attached as Exhibit J) describe that infection of HeLa cells with 

vaccinia virus containing the extracellular domain of the human polymeric 

immunoglobulin receptor results in high-efficiency secretion of human secretory 

component (hSC) in serum- free medium. In view of the disclosure of the specification 

and the knowledge of one of ordinary skill in the art, it is clear that COS, BHK, 

Namalwa and HeLa cells can be used to express foreign polypeptides, such as rEPO, in 

serum-free conditions. As such, one of ordinary skill in the art could correlate the 
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specific examples of the specification involving CHO cells to at least COS, BHK, 
Namalwa and HeLa cells. 

For at least these reasons, the teaching in the art in conjunction with the 
Examples provided in the specification indicate that a person of ordinary skill in the art 
at the time of filing would have possessed the knowledge and skills necessary to make 
and use the subject matter of the present claims. Thus, any experimentation required to 
practice the claimed methods would have been reasonable, not undue. 

77. Rejection Under 35 U.S.C. § 112, Second Paragraph 

Applicants thank the Examiner for withdrawing the prior rejection of claims 1, 
3-5, 7-13, 16 and 20. See Office Action at page 7. 

III. Double Patenting 

The Examiner maintains the rejection of claims 1, 3-5, 7-13, 16 and 20 under the 
judicially created doctrine of obviousness-type double patenting as being unpatentable 
over claims 1 and 7-13 of U.S. Patent No. 6,777,205. See Office Action at page 7. 
Applicants respectfully disagree with the Examiner's assertion. However, solely to 
advance prosecution, Applicants will submit a terminal disclaimer in accordance with 37 
C.F.R. § 1.321(c) upon the notification by the Examiner of allowable subject matter. 
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IK Second Supplemental Information Disclosure Statement 

Applicants thank the Examiner for considering the documents cited in the 
Information Disclosure Statement filed on November 6, 2001 and the First Supplemental 
Information Disclosure Statement filed on April 21, 2005. However, it appears that the 
Examiner has not provided initialed copies of Form PTO/SB/08A and Form 
PTO/SB/08B accompanying the Second Information Disclosure Statement filed on 
September 21, 2007. Applicants respectfully request that the Examiner initial the 
documents cited on these Forms and return a copy of the initialed Forms to Applicants. 
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Conclusion 



All of the stated grounds of rejection have been properly traversed, 
accommodated, or rendered moot. Applicants therefore respectfully request that the 
Examiner reconsider all presently outstanding rejections and that they be withdrawn. 
Applicants believe that a full and complete Reply has been made to the outstanding 
Office Action and, as such, the present application is in condition for allowance. If the 
Examiner believes, for any reason, that personal communication will expedite 
prosecution of this application, the Examiner is invited to telephone the undersigned at 
the number provided. 

Prompt and favorable consideration of this Amendment and Reply is respectfully 
requested. 



Date: Ol I lQ I 2~CO°l 

1 100 New York Avenue, N.W. 
Washington, D.C. 20005-3934 
(202)371-2600 

1003507 



Respectfully submitted, 



Sterne, Kessler, Goldstein & Fox p.l.l.c. 




Lori M. Brandes 
Attorney for Applicants 
Registration No. 57,772 
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Culture media for propagation of mammalian cells, viruses, 
and other biologicals. 

Jayme DW . Blackman KE . 

In this brief review, we have illustrated the historical development of the 
growth media commonly employed for the propagation of cultured 
mammalian cells. While substantial progress has been achieved, the field 
may best be described as conservative and pragmatic. To date, the 
function of many components of the growth medium essential for cellular 
proliferation and biological production has not been precisely defined at 
the molecular level. Thus, for most large-scale biological production 
requirements, as well as for routine cell culture and bench-scale pilot 
development, the traditional enriched culture medium supplemented with 
fetal bovine serum represents the most convenient culture system. Many 
cell types may be more economically grown without reduction in 
biological yield by substituting alternative mammalian sera. Where 
reduction of total protein or greater definition of growth medium 
components outweighs the use of more universally applicable culture 
media, substitution of serum-free, customized formulations of highly 
enriched growth medium plus defined growth factors may be of significant 
utility. Optimization of mammalian cell culture media for large-scale 
biological production should include the following: An initial time 
investment to optimize the cell culture medium by enriching intermediary 
metabolite composition (rather than expecting serum or additional growth 
factors to perform nutritional functions) may result in higher productivity 
and reduced cost. When screening potential growth media for biological 
production applications, proliferative rate should not be the sole criterion 
for performance. Although rapid, logarithmic growth is advantageous to 
establish large-scale cultures, the maximal cell density and duration of the 
viable, productive period must also be weighed. Many cell types generate 
the highest titers of biological product either at stationary phase or under 
mildly stressful ("controlled death") conditions suboptimal for cellular 
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replication. Thus, the ultimate determinant of growth medium efficacy is 
neither the degree of definition of medium composition nor the cellular 
proliferative rate, but the ability to support synthesis of substantial titers of 
the desired product at reasonably high purity. 
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enzyme-catalyzed reactions to yield two molecules of pyruvate. During 
the sequential reactions of glycolysis some of the free energy released 
from glucose is conserved in the form of ATP. Glycolysis was the first 
metabolic pathway to be elucidated and is probably the best under- 
stood. From the discovery by Eduard Buchner (in 1897) of fermentation 
in broken extracts of yeast cells until the clear recognition by Fritz 
Lipmann and Herman Kalckar (in 1941) of the metabolic role of high- 
energy compounds such as ATP in metabolism, the reactions of glycoly- 
sis in extracts of yeast and muscle were central to biochemical re- 
search. The development of methods of enzyme purification, the dis- 
covery and recognition of the importance of cofactors such as NAD, and 
the discovery of the pivotal role in metabolism of phosphorylated com- 
pounds ail came out of studies of glycolysis. By now, all of the enzymes 
of glycolysis have been purified from many organisms and thoroughly 
studied, and the three-dimensional structures of all of the glycolytic 
enzymes are known from x-ray crystallographic studies. 

Glycolysis is an almost universal central pathway of glucose catab- 
olism. It is the pathway through which the largest flux of carbon occurs 
in most cells. In certain mammalian tissues and cell types (erythro- 
cytes, renal medulla, brain, and sperm, for example), glucose is the sole 
or major source of metabolic energy through glycolysis. Some plant 
tissues that are modified for the storage of starch (such as potato tu- 
bers) and some plants adapted to growth in areas regularly inundated 
by water (watercress, for example) derive most of their energy from 
glycolysis; many types of anaerobic microorganisms are entirely de- 
pendent on glycolysis. 

Fermentation is a general term denoting the anaerobic degrada- 
tion of glucose or other organic nutrients into various products (charac- 
teristic for different organisms) to obtain energy in the form of ATP. 
Because living organisms first arose in an atmosphere lacking oxygen, 
anaerobic breakdown of glucose is probably the most ancient biological 
mechanism for obtaining energy from organic fuel molecules. In the 
course of evolution this reaction sequence has been completely con- 
served; the glycolytic enzymes of vertebrate animals are closely simi- 
lar, in amino acid sequence and three-dimensional structure, to their 
horaologs in yeast and spinach. The process of glycolysis differs from 
one species to another only in the details of its regulation and in the 
subsequent metabolic fate of the pyruvate formed. The thermodynamic 
principles and the types of regulatory mechanisms in glycolysis are 
found in all pathways of cell metabolism. A study of glycolysis can 
serve as a model of many aspects of the pathways discussed later in 
this book. 

Before examining each step of the pathway in some detail, we will 
take a look at glycolysis as a whole. 
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An Overview: Glycolysis Has Two Phases 

The breakdown of the six-carbon glucose into two molecules of the 
three-carbon pyruvate occurs in ten steps, the first five of which consti- 
tute the preparatory phase (Fig. 14-2a). In these reactions glucose is 
nrst phosphorylated at the hydroxyl group on C-6 (step (I)). The d- 
glucose-6-phosphate thus formed is converted to D-fructose-6- 
pnosphate (step (2) ), which is again phosphorylated, this time at C-l, to 
yield D-fructose-l,6-bisphosphate (step (§)). For both phosphorylations, 
A1F is the phosphate donor. As all of the sugar derivatives that occur 
in the glycolytic pathway are the d isomers, we will omit the d designa- 
tion except when emphasizing stereochemistry. 
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Requirements for blastocyst development in vitro. 
Brinster RL , Troike DE . 

Four characteristics of culture medium that are important to embryo 
development and nutrition of the blastocyst have been discussed. An 
examination of several of the most commonly used media for embryo 
culture demonstrates many similarities among them. The milliosmolarities 
of the media range from the hypoosmotic optimums (256 milliosmols) 
demonstrated in several in vitro studies to the physiologic range (308 to 
315 milliosmols). Media between these extremes generally allow good 
development. Low oxygen concentrations (5%) in the culture environment 
allow somewhat better development of early cleavage stages, but recent 
studies suggest the difference between development in 5 and 20% oxygen 
to be less than originally thought. The media most commonly employed 
for early embryo culture contain bicarbonate as the buffer, but 
maintenance of pH is probably not the most crucial role of the C02- 
bicarbonate content of the media. Likewise, since 1965 almost all media 
used to culture embryos have used pyruvate as the primary energy source. 
This is particularly important when early stages, before blastocyst 
development, are cultured. The concentration used generally falls within 
the optimum range of 2.5 to 5.0 X 10(-4)M first reported. Although 
glucose is not oxidized well by the early cleavage stages, it is an important 
energy source for all blastocysts. Furthermore, glucose contributes more 
than any other carbon source, including amino acids, to protein formation. 
Much is yet to be learned concerning the nutrition of the blastocyst, but 
our knowledge has increased immensely during the last 15 years. 
Hopefully our progress will be at least as rapid in the coming decade. 
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Effects of pyruvate salts, pyruvic acid, and bicarbonate salts 
in preventing experimental oxalate urolithiasis in rats. 

Ogawa Y , Yamaguchi K . Tanaka T , Morozumi M . 

Sodium pyruvate, potassium pyruvate, pyruvic acid, sodium bicarbonate 
and potassium bicarbonate were added to a calcium-oxalate lithogenic diet 
(a glycolic-acid diet) in order to determine their effects in preventing 
lithogenicity. Male Wistar-strain rats who had been fed the glycolic-acid 
diet developed marked urinary calculi within four weeks. Rats in the 
sodium and potassium pyruvate groups had, however, almost no stones in 
the urinary system. Rats in the bicarbonate and pyruvic-acid groups 
showed slightly less effect than those in the pyruvate groups. Urinary 
oxalate excretion was high in all the groups during the experiment. The 
urinary oxalate concentration was relatively higher in the sodium-pyruvate 
group, and significantly higher in the potassium-pyruvate group, than in 
the glycolic-acid group. Urinary citrate excretion was high both in the 
pyruvate and bicarbonate groups; the urinary citrate concentration was, 
however, significantly higher in the pyruvate groups than in the 
bicarbonate groups at the fourth experimental week. The urinary calcium 
and magnesium concentrations were irrelevant to the diets administered. 
Therefore, it can be concluded that pyruvate salts inhibit urinary calculi 
formation, not by decreasing oxalate synthesis, but by increasing the 
urinary citrate concentration; bicarbonate salts work in the same manner, 
but a little less effectively. 
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Effects of pyruvate on the metabolism and insulin resistance 
of obese Zucker rats 1 " 3 
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ABSTRACT Female obese Zucker rats aged 5 wk were ran- 
domly assigned to a control diet or one of two experimental diets. 
Experimental diets contained 6% of energy as pyruvate in the 
form of calcium-pyruvate (Ca-pyr) or 6% pymvylglycine (pyr- 
gly). Diets were pair-fed according to the experimental group 
with the lowest food consumption. During the 3 wk of dietary 
treatment, Ca-pyr- and pyr-gly-fed rats gained significantly less 
weight, had a lower food-conversion efficiency, and maintained 
a higher resting oxygen consumption (mLmin^-kg -0 * 7 ) than 
control rats. Ca-pyr and pyr-gly also lowered the respiratory 
exchange ratio of the rats resulting in a 90% increase in their 
lipid oxidation and a 50% decrease in their carbohydrate oxida- 
tion. Glucose tolerance, assessed by an oral glucose load, was 
not different among treatments, but the insulin response of the 
pyr-gly-fed rats was significantly less than that of the control 
rats despite elevated plasma triglyceride concentrations in the 
pyr-gly-fed rats (control, 1.43 ± 0.16 vs pyr-gly, 3.76 ± 0.87 
mmol/L). These results suggest that pyr-gly, like Ca-pyr, favor- 
ably alters the metabolism of obese Zucker rats. In addition, pyr- 
gly appeared to reduce the insulin resistance that develops spon- 
taneously in obese rats. Am J Clin Nutr 1994;59:331-7. 

KEY WORDS Oxygen consumption, resting metabolic rate, 
glucose, glucose tolerance, cholesterol, triglyceride, glycogen, 
growth, pyruvate 

Introduction 

Pyruvate when fed to rats, causes significant alterations in 
body composition and metabolism. In general, pyruvate increases 
resting metabolic rate and decreases the rate of growth and per- 
cent body fat (1). Recently, we reported that dietary pyruvate 
caused a significant increase in the resting energy expenditure 
and a decrease in food-conversion efficiency and rate of weight 
gain in obese Zucker rats (2). These results suggest that pyruvate 
treatment has potential as an antiobesity agent. An undesirable 
aspect of pyruvate, however, is its elevated mineral load when 
administered as a sodium or calcium salt. In providing a sufficient 
amount of these pyruvate salts, an inappropriate amount of so- 
dium or calcium is consumed. Possible alternatives to the pyru- 
vate salts are pyruvate analogs that stabilize the pyruvic moeity 
without accompanying minerals. One such analog is pymvylgly- 
cine with a hydrolyzable amide linkage between pyruvic acid and 
the amino acid glycine (3, 4). Therefore, the purpose of this study 
was to determine the effect of pymvylglycine on the growth rate, 



resting metabolic rate, and food-conversion efficiency of obese 
Zucker rats. 

In addition to their obesity, Zucker rats are highly insulin re- 
sistant, which is manifested by severe hyperinsuHnemia, glucose 
intolerance, and an elevated plasma insulin response to a glucose 
challenge (5-8). In our previous study we observed that pyruvate 
consumption reduced the fasting plasma insulin concentration of 
obese Zucker rats without affecting their normal fasting plasma 
glucose concentration (2). This finding is in agreement with 
Stanko and Adibi (1) who found that pyruvate reduced the fasting 
plasma insulin concentration of non-insulin-resistant male 
Sprague-Dawley rats by «*50%. Therefore, a second purpose of 
this study was to determine if pyruvate or pymvylglycine con- 
sumption would improve the glucose tolerance and the postglu- 
cose insulin response of obese Zucker rats. 

Methods 

Housing and care of animals 

Female obese Zucker rats (fa/fa), aged 28-35 d were pur- 
chased from Charles River Inc (Boston). Upon arrival the rats 
were housed in individual cages and provided normal rat food 
(Ralston Purina Rodent Chow, St Louis) and water ad libitum 
for 1 wk. An artificial 12-h light-dark cycle was maintained in 
the animal room and the temperature was kept at 21 °C. After 1 
wk of familiarization with their environment, the rats were fed 
powdered rodent chow. Familiarization with the powdered diet 
was determined by consistent weight gain for a minimum of 7 d, 
after which the rats were assigned to one of three dietary treat- 
ments. This study was approved by the Animal Care and Use 
Committee of the University of Texas. 

Dietary treatments 

The diets were powdered and consisted of a control diet and 
two experimental diets (Table 1). The control diet was composed 
of 21.7% protein, 12.1% fat, and 66.2% carbohydrate (59% su- 
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TABLE 1 

Composition of control and experimental diets* 



Diet composition 


Control 


Ca-nvr 


Pvr-fflv 






g/kg 




Alcohol -extracted casein 


200 


200 


200 


DL-methionine 


3 


3 


3 


Corn starch 


250 


250 


250 


Cellulose 


50 


50 


50 


Com oil 


50 


50 


50 


Vitamin mix 


10 


10 


10 


Choline bitamale 


2 


2 


2 


Salt mix 


5 


5 


5 


Sucrose 


358 


310 


236 


Calcium phosphate 


72 


30 


72 


Calcium pyruvate 


0 


90 


0 


Pyruvylglycinc 


0 


0 


122 



* Ca-pyr, calcium pyruvate diet; pyr-gly, pyruvylglycinc diet. The 
control diet provided 15.61 kJ/g, the Ca-pyr diet 15.78 kJ/g, and the pyr- 
gly diet 15.57 kJ/g. 



crose and 41% starch), and was fortified with vitamin and mineral 
mixes (Research Diets, Inc, New Brunswick, NJ). In the two 
experimental diets calcium-pyruvate (Ca-pyr) or pyruvylglycine 
(pyr-gly) was substituted for sucrose so that pyruvate represented 
6% of the total energy. Rats were pair-fed to match the pyr-gly 
group because this group had the lowest voluntary food con- 
sumption during the first 3 d of treatment. Food bowls were re- 
plenished with the diets daily between 0800 and 1000. Food con- 
sumption for the previous day and body weights of the rats were 
recorded at this time. The rats were maintained on the diets for 
3wk. 

Metabolic measurements 

Before the rats were placed on their experimental diets and 
again 4 d before the conclusion of their treatment period, resting 
oxygen consumption (V0 2 ) and respiratory exchange ratio (R) 
were determined by open-circuit spirometry after a 5-h fast. To 
ensure an accurate measure of resting energy expenditure, the 
rats were tested 3-4 h into their light cycle. Five rats were placed 
into five separate metabolic chambers. A description of the met- 
abolic chamber was published previously (2). During the mea- 
surement of V0 3 , air flow through the chamber was maintained 
at 0.85 L/min by an air sampling pump (Dwyer Instruments Inc, 
Michigan City, IN). The pump was calibrated with an airflow 
meter (Vacumetrics, Ventura, CA), which in turn was calibrated 
with a chain-compensated spirometer (Warren £ Collins, 
Braintree, MA). Tubing from the outlet port of the pump was 
connected to a Y tube. Approximately 0.15 L/min air was di- 
rected through an air-light three-way valve attached to a CD-3A 
carbon dioxide analyzer and a S-3A/1 oxygen analyzer (Applied 
Electrochemistry-Amtex, Pittsburgh). The remaining 0.70 L was 
expelled as exhaust. Gas values were read from each of the five 
chambers in a sequential manner during the final 15 s of a 2-min 
sample period. A total of five to six measurements were taken 
for each rat over a 2-h period. The gas analyzers were frequently 
checked for calibration throughout the measurement period by 
using gases verified by chemical analysis. V0 2 and carbon di- 
oxide production (VC0 2 ) were calculated according to Brooks 
and White (9). R was calculated as VCO^V0 2 . Chamber tem- 



perature was monitored with a flexible thermister (Yellow 
Springs Instruments, Yellow Springs, OH) inserted into a re- 
cessed opening in the front wall of the chamber. 

To allow for adequate ventilation of the chambers between 
V0 2 measurements, a vacuum pump (Universal Electric Co, 
Owosso, MI) drew air through the four additional metabolic 
chambers, which were connected in parallel, at 0.75 L/min per 
chamber. All of the air drawn through the pump was expelled as 
exhaust from the outlet port. 

Tissue collection 

Before the dietary treatments and after an 8-h fast, the tails of 
the rats were trimmed and 0.7 mL blood was collected in tubes 
containing 40 fiL EDTA (pH 7.4, 24 g/L). The blood was kept 
on ice until centrifuged at 1000 X g (4 °C) for 12 min. The plasma 
was recovered and stored at -80 °C until assayed for glucose, 
insulin, cholesterol, and triglycerides. 

After 3 wk of dietary treatments, and after an 8-h fast, the rats 
underwent an oral glucose-tolerance test (OGTT). The rats were 
intubated with 1 g glucose/kg body wt from a 50% glucose so- 
lution. Tail blood samples (0.7 mL) were collected in tubes con- 
taining 40 fiL EDTA before intubation and at 15, 30, and 60 min 
after glucose intubation. The blood was kept on ice until centri- 
fuged as described above and later assayed for insulin and glu- 
cose. Blood samples taken before the intubation were also as- 
sayed for triglycerides and cholesterol. After the OGTT, 1.5 mL 
of saline solution was injected subcutaneously behind the 
neck of each rat to prevent dehydration and help maintain 
plasma volume. 

Two days after the OGTT, and after an 8-h fast, the rats were 
anesthetized with an intraperitoneal injection of 0.65 g pento- 
barbital sodium/g body wt (Fort Dodge Laboratories, Inc, Fort 
Dodge, IA). From the left hindlimb, the popliteal fat depot (a 
peripheral fat depot), soleus, plantaris, and gastrocnemius were 
removed. The popliteal fat pad was weighed and discarded. The 
soleus and plantaris muscles were freeze-clamped with tongs 
cooled in liquid nitrogen and stored at -80 °C for subsequent 
determination of glycogen. Red and white portions of the gas- 
trocnemius were dissected, freeze-clamped, and stored as de- 
scribed above for determination of glycogen. The remainder of 
the gastrocnemius was weighed and discarded. Next, the abdo- 
men was surgically opened and a portion of the left lateral lobe 
of the liver was excised, freeze-clamped, and stored at -80 °C. 
The remainder of the liver was then excised, weighed, and dis- 
carded. The frozen liver section was assayed for glycogen, tri- 
glycerides, and cholesterol. Finally, the left retroperitoneal fat 
pad (an internal fat pad) was removed, weighed, and discarded. 

Tissue analysis 

Plasma glucose was measured with a model 23A glucose an- 
alyzer (Yellow Springs Instruments). Plasma insulin was deter- 
mined by radioimmunoassay with the use of a double-antibody 
procedure (10) (antibodies were obtained from Linco Research, 
Inc, St Louis). Rat insulin was used as a standard. Plasma tri- 
glycerides and cholesterol concentrations were enzymatically de- 
termined with the use of commercially available kits (Sigma Di- 
agnostics, St Louis). 

Liver homogenates were prepared in buffer containing 50 
mmol/potassium phosphate/L and 1 mmol EDTA/L (pH 7.4, 
1:15). The lipid was extracted from the homogenate according 
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to the procedures of Burton et al (11). The lipid extract was 
evaporated at room temperature for 24 h and resuspcnded in 2- 
propanol. Liver triglyceride content was determined from the re- 
suspended extracts as described above for plasma. Liver and 
muscle glycogen were determined by the method of Lo et al (12). 

Statistics 

For statistical analysis, a one- or two-way analysis of variance 
with repeated measures was used where appropriate. Fisher's 
protected least-significant difference (PLSD) test was subse- 
quently used to locate significant differences between means. A 
P level < 0.05 was set for significance for all tests, and all values 
are expressed as mean ± SEM. The Stat View 512* computer 
software program (Calabasas, CA) was used for all analyses. 

Results 

Despite the pair-feeding regimen, during the 3-wk experimen- 
tal treatment period, the average weight gains of the Ca-pyr and 
pyr-gly rats were significantly less than those of Che control rats 
(Table 2). The differences, however, were mainly due to a weight 
loss during the first 4-5 d of feeding the experimental diets (Fig 
1). During this period there was a decline in the body weights of 
the pyr-fed rats, whereas the control rats continued to gain 
weight. After this initial decline in body weight, the pyr-fed rats 
started to gain weight but at a slower rate than that of the control 
rats. This difference in weight gain between the pyr-fed and con- 
trol rats persisted for the next 12 d (control, 42.3 ± 2.1; Ca-pyr, 
33.1 ± 4.3; pyr-gly, 32.2 ± 33 g/12 d). Thereafter, the rate of 
weight gain for the pyr-fed and control rats were similar due to 
a reduction in the rate of weight gain of the control rats. 

The soleus and gastrocnemius muscles of the Ca-pyr and pyr- 
gly rats were significantly smaller than those of the control rats 
(Table 2). The popliteal fat depots of the Ca-pyr and pyr-gly rats 
and the retroperitoneal fat pad of the pyr-gly rats were also 
smaller than those of the control rats. The livers of the Ca-pyr 
rats, but not those of the pyr-gly rats, were smaller than the livers 



TABLE 2 



Body, organ, and muscle weights of diet groups* 




Control 


Ca-pyr 


Pyr-gly 




(n-8) 


<«-7) 


(n-8) 


Body weight (g) 








Initial 


251.8 ± 10.3 


246.1 ± 9.2 


245.3 ± 9.1 


Final 


324.3 ±11.9 


290 * 7.1 1 


285.9 ± I0.2T 


Soleus 








(8) 


0.091 ± 0.005 


0.075 ± 0.002T 


0.076 ± 0.003T 


(%body wt) 


0.028 ± 0.002 


0.027 ± 0.002 


0.027 ± 0.001 


Gastrocnemius 








<*) 


0.628 ± 0.032 


0-515 ± 0.025t 


0.516 ± O.OlOt 


(%body wt) 


0.194 i 0.009 


0.178 ± 0.006 


0.183 ± 0.007 


Liver 








<g> 


17.57 ± 1.00 


15.16 ±0.77f 


17.62 ± 0.74 


(% body wt) 


5.43 * 0.27 


5.22 2 0.22 


6.18 ± 024t 


Retroperitoneal fat pad 








(g) 


3.10 ± 0.13 


2.73 ±0.11 


2.51 ± 0.23t 


(% body wt) 


0.96 ± 0.04 


0.95 ± 0.05 


0.87 ± 0.06 


Popliteal fat depot 








(g) 


1.17 ± 0.12 


0.94 ± 0.04f 


0.93 ± 0.06t 


(% body wt) 


0.36 ± 0.03 


0.32 ± 0.01 


0.32 ± 0.01 



• X ± SEM. Ca-pyr, calcium pyruvate; pyr-gly, pymvylglycine. 
t Significantly different from control group, P < 0.05. 
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FIG 1. Body weights of the three dietary groups from days 1 to 22. 
Control diet; Ca-pyr, calcium pyruvate diet; pyr-gly, pyruvylglycine diet. 
'Significantly different from control, P < 0.05. 



of the control rats. When made relative to body weight, there 
were no differences between the muscle or fat pad weights of the 
Ca-pyr, pyr-gly, or control rats. The relative liver weights of the 
pyr-gly rats, however, were larger than those of the control rats. 

The average daily food consumption was significantly reduced 
by the addition of the experimental compounds to the diets. Al- 
though an effort was made to pair-feed the rats, the experimental 
groups (173 ± 0.62 g/d, Ca-pyr; 16.9 ± 0.41 g/d, pyr-gly) con- 
sumed less food than the control rats (18.5 ± 0.27 g/d) (control 
vs pyr-gly, P < 0.05). Food consumption was not different be- 
tween the Ca-pyr or pyr-gly rats. The reason for the difference 
in food consumption was due to the first few days of feeding 
when the control rats were consuming 22-24 g food and the pyr- 
fed rats were consuming only 7-10 g. After this initial period, 
food consumption did not differ between groups. 

Pretreatment resting V0 2 was not different among treatments 
(Table 3) whether expressed as absolute (mL/min) or relative to 
metabolic weight (mL-muT'-kg -0 * 7 ). After the 3-wk experi- 
mental period, the absolute resting V0 2 did not change, but V0 2 
significantly declined in all groups when made relative to the size 
of the rat. The decline was greater for the control rats (23%) than 
for the experimental groups (Ca-pyr 14%, pyr-gly 16%). This 
decline resulted in the post-V0 3 and resting energy expenditure 
of the pyr-gly rats being significantly higher compared with the 
control rats. Although the difference in relative V0 2 between the 
Ca-pyr and control rats posttreatment was not significant, it ap- 
proached significance (P < 0.08). There was no difference in 
resting energy expenditure between the Ca-pyr and pyr-gly rats. 
Both the Ca-pyr and pyr-gly rats had lower food-conversion ef- 
ficiencies (wt gain/wt food consumed X 100) than the control 
rats (Fig 2). 

R was not different among groups before the start of the ex- 
perimental treatments, but by the third week of treatment rats in 
the experimental groups demonstrated significantly lower resting 
R values compared with control rats (Table 3). Calculations of 
substrate utilization based on R and VOj indicated that the rats 
in the experimental groups oxidized significantly less carbohy- 
drate and significantly more fat than control rats. No differences 
were noted between the Ca-pyr and pyr-gly rats. 
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TABLE 3 

Resting oxygen consumption (V0 : ), energy expenditure, and substrate utilization estimated from the nonprotein respiratory-exchange ratio (R) 
before and after dietary treatments in obese Zucker rats* 



Control (n = 8) Ca-pyr (« - 7) Pyr-gly (n = 8) 



Vo 2 

Before (mL/min) 3.40 i 0.27 3.48 ± 0.16 3.73 ± 0.10 

After (mL/min) 3.30 ± 0.25 3.45 £ 0.13 3.28 ± 0.12 

Before (mLmin'kg ft * 7 ) 9.12 ± 0.63 9.31 ± 0.32 9.77 ± 0.32 

After (mL min ' -kg-° A7 ) 7.05 ± 0.44 8.00 £ 0.25 8.20 ± 0.l9f 

R 

Before 0.846 ± 0.027 0.838 ± 0.021 0.855 ± 0.015 

After 0.859 ± 0.025 0.771 ± 0.009f 0.777 ± 0.009f 

Energy expenditure after (J min '*kg _I ) 209.3 ± 12.5 242.8 £ 8.4f 247.0 £ 12 

Carbohydrate after (mg min 1 -kg ') 6.41 £ 1.15 3.09 £ 0.44f 3.47 £ 0.57f 

Fat after (mg-min* '•kg*') 2.51 £ 0.49 4.79 £ 0.23f 4.69 £ 0.30t 



* x £ SEM. Ca-pyr, calcium pyruvate; pyr-gly, pyruvylglycine. 
t Significantly different from control group. P < 0.05. 



No differences in pretreatment plasma triglyceride or choles- 
terol concentrations were found among groups (Tabic 4). Post- 
treatment plasma triglyceride concentrations declined whereas 
plasma cholesterol concentrations increased. No differences were 
noted between treatments for plasma cholesterol, but the plasma 
triglyceride concentrations of the pyr-gly rats declined to a sig- 
nificantly lesser extent than those of the Ca-pyr and control rats. 

There were no differences in the plasma insulin and glucose 
concentrations between groups before the experimental treat- 
ments with the exception that pyr-gly rats had a higher plasma 
glucose concentration than control rats (Table 4). After the 3 wk 
of dietary treatment and before the OGTT, plasma insulin con- 
centrations for the Ca-pyr and pyr-gly rats were significantly 
lower than those of the control rats despite no differences in 
plasma glucose concentrations (Table 4; Fig 3). During the 
OGTT, plasma glucose responses were similar for all treatments 
(Fig 3). However, the insulin response for the Ca-pyr and pyr- 
gly rats was significantly lower than that of the control rats at 30 
min post-glucose intubation. The insulin response of the pyr-gly 
rats was also lower than that of the control rats at 60 min postin- 



tubation. There were no differences in the areas under the glucose 
response curves for the three treatments (Table 5). The total area 
under the insulin response curve of the pyr-gly rats, however, 
was significantly lower than the area under the insulin response 
curve of the control rats. Furthermore, the insulin-glucose (IG) 
index of the pyr-gly rats was significantly lower than that of the 
control rats. 

Rats fed the experimental diets had liver triglyceride and cho- 
lesterol concentrations similar to those of control rats when ex- 
pressed as /imol/g wet wt or in total mmol (Table 6). Liver gly- 
cogen concentrations, however, were significantly lower in the 
pyr-gly rats as compared with the control rats whether expressed 
as pmol/g wet wt or in total mmol. The liver glycogen concen- 
tration of the Ca-pyr rats did not differ from either the control or 
the pyr-gly rats. 

Muscle glycogen concentrations were determined for the so- 
leus and the red and white portions of the gastrocnemius (Table 
7). No differences were noted among the three treatments with 
the exception that the red gastrocnemius glycogen concentration 
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Control Ca-Pyr 



FIG 2. Average food-conversion efficiency (weight gain per food con- 
sumed x 100) for the three dietary groups during the 3 wk of experi- 
mental treatment. Control diet; Ca-pyr, calcium pyruvate diet, pyr-gly, 
pyruvylglycine diet. * Significantly different from control, P < 0.05. 



TABLE 4 

Plasma lipids, insulin, and glucose concentrations before and after 
dietary treatments in obese Zucker rats 



Control Ca-pyr Pyr-gly 





(n 




8) 


<n = 


7) 


(n- 


= 8) 


Insulin (nmoI/L) 
















Before 


1.14 


+ 


0.12 


1.09 ± 


0.13 


0.94 ± 


0.07 


After 


1.89 




0.15 


1.40 ± 


0.09t 


1.12 ± 


0.13t 


Glucose (mmol/L) 
















Before 


6.5 




0.2 


7.3 ± 


0.3 


7.4 ± 


0.3t 


After 


6.4 




0.6 


6.6 ± 


0.5 


6.2 ± 


1.1 


Triglycerides (mmol/L) 
















Before 


7.23 




1.25 


7.35 ± 


1.59 


536* 


0.80 


After 


1.43 




0.16 


1.49 ± 


0.16 


3.76 + 


0.87tt 


Cholesterol (mmol/L) 
















Before 


4.32 




0.15 


3.89 ± 


0J1 


4.23 ± 


0.35 


After 


8.65 


+ 


0.74 


7.94 ± 


0.47 


7.69 ± 


0.36 



•x ± SEM. Ca-pyr, calcium pyruvate and pyr-gly, pyruvylglycine. 
t Significantly different from control; ^significantly different from 
Ca-pyr, P < 0.05. 
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FIG 3. Plasma glucose (A) and insulin (B) responses of the three 
dietary groups to an oral glucose-tolerance test. Control diet; Ca-pyr, 
calcium pyruvate diet; pyr-gly, pyruvylglycine diet. *Significantly dif- 
ferent from control, P < 0.05. 



of the Ca-pyr rats was greater than that of the control rats. It was 
also noted that the white gastrocnemii glycogen concentrations 
were greater than those of the red gastrocnemii, which were 
greater than those of the solei. 

Discussion 

A major finding of this study was that pyr-gly was as effective, 
and in some instances more effective, than Ca-pyr in altering the 
growth pattern and metabolic activity of obese Zucker rats. Both 
Ca-pyr and pyr-gly caused a significant decline in the average 
weight gain of the obese Zucker rats during the 22 d of treatment. 



TABLE 5 

Total areas for plasma glucose and insulin responses during an oral 
glucose-tolerance test in obese Zucker rats* 



Control 



Ca-pyr 



Pyr-gly 







8) 


in 


= 7) 




8) 


Total glucose area 














(mmol'L~ l -min" 1 ) 


748 ± 


58 


858 


± 54 


790 ± 


88 


Total insulin area 














(iunol-L~ 1 *roin~ ') 


125 ± 


12 


96 


± 8 


79 ± 


7t 


Insulin-glucose index 














(xlO-*) 


94.2 ± 


10.9 


83.3 


± 9.4 


59.6 ± 


4.4t 



* x ± SEM. Ca-pyr, calcium pyruvate and pyr-gly, pyruvalglycine. 
Glucose-insulin index is the product of the glucose and insulin areas, 
t Significantly different from control, P < 0.05. 



The major difference in weight gain between the pyr-fed rats, 
whether the mineral salt or analog, and those fed the control diet 
occurred during the first 4-5 d of treatment. During this period 
the pyr-fed rats had a decline in body weight whereas the control 
rats had an increase in body weight. Food consumption was rwo- 
to threefold greater for the control rats compared with the pyr- 
fed rats during the first 3 d when all rats were fed ad libitum. 
Thereafter, all rats were pair-fed according to the food consump- 
tion of the pyr-gly rats. After what appeared to be an adaptation 
to the experimental diets, the energy consumption and growth 
rates of the pyr-fed rats increased. However, their growth rates 
were still less than those of the control rats for the next 11-12 d 
despite similar energy consumption. Over the last 6 d of the ex- 
perimental period, the growth rates of the control and pyr-fed rats 
did not differ due to a decline in the growth rate of the control 
rats. 

As previously noted, the reduced rate of weight gain in the 
pyr-fed rats appeared to be the result of an overall decrease in 
growth development with little change in relative body compo- 
sition (2). This is evinced by the finding that the ratios of indi- 
vidual muscle weights and fat pad weights to body weight were 
not different for the three dietary groups. It is possible, however, 
that simple muscle and fat pad weights may not be representative 
of changes in body composition. Therefore, further study is nec- 



TABLE6 

Liver triglyceride, cholesterol, and glycogen concentrations of obese 
Zucker rats* 



Control 

(H=8) 



Ca-pyr 
<n = 7) 



Pyr-gly 
(« = 8) 



Triglyceride 

Cxmol/g wet wt) 104.8 ± 5.9 
Triglyceride 

(mmol) 1.85 + 0.17 
Cholesterol 

G*mol/g wet wt) 9.01 ± 0.49 8.78 ± 0.57 
Cholesterol 

(mmol) 0.160 ± 0.015 0.134 ± 0.013 0.102 ± 0.013 
Glycogen 

(Mmol/g wet wt) 176.64 ± 21.84 144.47 ± 29.77 110.47 ± 6.84t 

Glycogen (mmol) 3.03 ± 0.35 2.31 ± 0.52 1.94 ± 0.1 4t 



115.3 ±93 111.4 ±6.1 
1.76 ±0.17 1.98 ±0.16 
8.57 ± 0 S6 



* x ± SEM. Ca-pyr, calcium pyruvate and pyr-gly, pyruvylglycine. 
t Significantly different from control, P < 0.05. 
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TABLE 7 



Muscle glycogen concentrations of obese Zucker rats" 





Conlro) 


Ca-pyr 


Pyr-gly 




(n = 8) 


(a = 7) 


(n = 8) 


Sole us (pmol/g wci wt) 


25.14 £ 1.27 


27.49 ± 2.72 


26.73 i 1.66 


Gastrocnemius (jimoVg wel wt) 








Red 


3196 ± 1.08 


3835 + 2.72t 


35.40 Z 0.91 


While 


43.12 ± 3.40 


46.99 * 2.65 


42.41 ± 1.70 



■ x ± SEM. Ca-pyr, calcium pyruvate and pyr-gly, pyruvylglycine. 
t Significantly different from control, P < 0.05. 



essary to determine whether pyruvate feedings can alter the total 
fat-body weight ratio as well as reduce overall growth rate. 

As with our previous study, the food-conversion efficiency of 
the pyr-fed rats was significantly less than that of the control rats 
(2). That is, the weight gain per energy consumption was lower 
in the experimental rats as compared with the control rats. This 
difference in food-conversion efficiency appeared to be due to a 
difference in resting energy expenditure. Absolute resting V0 2 
was unchanged during the 3 wk of treatment, but relative resting 
V0 2 declined significantly in both the pyr-fed and control rats. 
The decline, however, was greater in the control rats than in the 
pyr-fed rats even when the resting V0 2 was corrected for meta- 
bolic body size (kg 0 67 ) (13). This resulted in a higher resting VO2 
for the pyr-fed rats as compared with the control rats by the end 
of the experimental period. 

A depression in resting metabolic rate is a commonly found 
adaptation after food restriction (14, 15). Typically, the degree 
to which the resting metabolic rate is reduced is directly related 
to the degree of food restriction and reduction in weight gain 
(14). The greater the food restriction and reduction in weight 
gain, the greater the decline in resting metabolic rate. However, 
in the present study this relationship was impeded by dietary 
pyruvate. Although the pyr-fed rats had a slower weight gain and 
a slightly smaller food consumption than the control rats, their 
resting V0 2 , even when corrected for body mass, was greater 
than that of the control rats. These results suggest that dietary 
pyruvate is a strong activator of metabolism and therefore may 
be beneficial for weight-reduction programs. However, there may 
be unknown side effects of long-term use of pyruvate or one of 
its analogs that are not evident at this time. 

It should be noted that the resting metabolic rate of obese rats 
in the present study was «30% less than that previously reported 
from our laboratory (2). This difference may have been due to 
the different times within the light-dark cycle that testing was 
performed. In the present study the rats were tested 3-4 h into 
their light cycle, when generally very sedentary. In our previous 
study the rats were tested at the end of their dark cycle and at the 
beginning of their light cycle, a more active period of time for 
the rats. Differences in the initial sizes of the rats, the hours of 
fasting before testing and the basic compositions of the diets may 
also have contributed to the differences. 

Aside from suppressing the decline in metabolic rate of obese 
Zucker rats, pyruvate significantly reduced the resting R. No sig- 
nificant change in R was noted for the control rats, indicating 
that the reduction in R in the pyr-fed rats was not due to food 
restriction. The lower R indicated a 90% increase in lipid oxi- 
dation and a 50% decrease in carbohydrate oxidation in the pyr 
fed rats as compared with the control rats. This increased reliance 
on fat and reduced reliance on carbohydrate during resting me- 



tabolism may have been related to the lower plasma insulin and 
liver glycogen concentrations observed for the pyr-fed rats. In- 
sulin increases glucose clearance and oxidation by peripheral tis- 
sues and inhibits lipolysis (16). Therefore, a lower plasma insulin 
concentration should shift metabolism in favor of lipid oxidation. 
The lower liver glycogen concentration should also favor this 
shift. A reduced liver glycogen concentration should reduce the 
rate of glucose release from the liver, thus requiring less glucose 
to be cleared and oxidized by the peripheral tissues to maintain 
a normal blood glucose concentration. Pyruvate has also been 
found to increase the rate of muscle glycogen storage which 
could effectively reduce the rate of carbohydrate oxidation by 
shifting intracellular glucose disposal from glucose oxidation to 
storage (17). However, this last possibility is unlikely because 
the amount of muscle glycogen was not different between treat- 
ments. 

No differences in the plasma and liver triglycerides and cho- 
lesterol concentrations were observed among the treatment 
groups with the exception that the plasma triglyceride concentra- 
tions of the pyr-gly rats were significantly greater than those of 
the control and Ca-pyr rats after the 3 wk of treatment. The reason 
for this difference in response is unknown, but could be due to 
a greater mobilization or reduced clearance of lipid by the pyr- 
gly rats. It was also found that plasma triglycerides fell and 
plasma cholesterol rose during the 3 wk of treatment. The decline 
in plasma triglycerides was probably caused by the decline in 
food consumption by the obese rats or the use of purified diets. 
Tliis reduced food consumption may have also resulted in the 
rise in plasma cholesterol. Previous results from our laboratory 
have indicated that food-restricted obese rats have lower plasma 
triglyceride and higher plasma cholesterol concentrations than 
those fed ad libitum (2). However, Rogers and Kris-Etherton (18) 
found that 6 wk of food restriction, severe enough to result in a 
significant loss in body weight, had no effect on the plasma cho- 
lesterol concentration of obese Zucker rats. These results suggest 
that the type of diet the rats receive may also influence the effect 
of food restriction on plasma cholesterol. 

An important finding of this study was the possible increase 
in insulin action associated with the dietary pyruvate. This in- 
creased insulin action was particularly evident in the pyr-gly rats. 
Both Ca-pyr and pyr-gly rats had lower resting plasma insulin 
concentrations than control rats despite no increase in plasma 
glucose concentrations. In fact, the plasma glucose concentration 
of the pyr-gly rats fell significantly during the 3 wk of dietary 
treatment. Although no differences in glucose tolerance were 
found among treatments, the pyr-gly rats had a significantly 
lower insulin response than the control rats and a significantly 
lower IG index. The insulin response and IG index of the Ca-pyr 
rats were intermediate to and not significantly different from that 
of the control and pyr-gly rats. 

The postabsorptive plasma insulin concentration is a function 
of the rate of endogenous glucose production and the effective- 
ness of insulin to control its release from the liver (19). Therefore, 
the reduced postabsorption insulin concentration in the pyr-fed 
rats may have been a consequence of the reduced liver glycogen 
stores. An increased muscle glucose extraction at rest and during 
exercise has been reported for individuals who consumed a py- 
ruvate-dihydroxyacetone supplement for 7 d (17, 20). Because 
muscle is primarily responsible for the clearance of an oral glu- 
cose load (21), it is possible that the reduced insulin response of 
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the pyr-gly rats to the glucose challenge was due to a reduction 
in the muscle insulin resistance of obese Zucker rats. 

Another possibility for the decreased insulin response of the 
pyr-gly rats is that there was a faster rate of insulin removal rather 
than a slower rate of insulin secretion. The liver is the major site 
of insulin clearance, and it was found that the livers of the pyr- 
gly rats were *=15% larger than the livers of the control and Ca- 
pyr rats when body weight was adjusted for. Therefore, the lower 
insulin concentrations post-glucose challenge for the pyr-gly rats 
could have been due to an increased insulin clearance as a result 
of the increased liver mass. Direct assessment of the effects of 
pyruvate feeding on muscle insulin resistance is needed to prop- 
erly address this question. 

Although the effect of pyr-gly on the insulin resistance of 
obese Zucker rats is encouraging, it must be viewed with caution. 
The addition of pyr-gly to the diet was counterbalanced with the 
removal of sucrose. Diets composed of high amounts of sucrose 
have been found to result in impaired in vivo insulin action, hy- 
perinsulinemia, and liver and muscle insulin resistance when 
compared with diets comprised predominately of starch (22-25). 
In the present study sucrose comprised 38% and 26% of the total 
energy of the control and pyr-gly diets, respectively. Whether 
this small reduction in dietary sucrose could have aided in the 
improvement in insulin resistance of the pyr-gly rats is unknown 
but must be considered. 

In summary, pyr-gly was found to be as effective as Ca-pyr in 
reducing the food-conversion efficiency, slowing the weight 
gain, and maintaining the resting metabolic rate of obese Zucker 
rats. An unexpected consequence of the pyr-gly treatment was 
an elevation in the plasma triglyceride concentration. However, 
despite elevating the plasma triglyceride concentration, pyr-gly 
appeared to significantly lower the insulin resistance of obese 
Zucker rats as evinced by the reduced postabsorptive plasma in- 
sulin concentration and the insulin response to an oral glucose 
load. Therefore, the pyruvate analog, pyruvylglycine, may be an 
important supplement in the treatment of insulin resistance and 
associated obesity. Q 

Wc thank Eric Schrocder for his excellent technical assistance. 
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Jezek, Petr, and Jin Borecky. Mitochondrial uncou- 
pling protein may participate in futile cycling of pyruvate and 
other monocarboxylates. Am. J. Physiol. 275 (Cell Physiol. 
44): C496-C504, 1998.— The physiological role of monocarbox- 
ylate transport in brown adipose tissue mitochondria has 
been reevaluated. We studied pyruvate, a-ketoisovalerate, 
a-ketolsocaproate, and phenylpyruvate unlport via the uncou- 
pling protein (UCP1) as a GDP-sensitive swelling in K + salts 
induced by valinomycin or by monensin and carbonyt cyanide- 
y>(trifluoromethoxy)phenylhydrazone in Na + salts. We have 
demonstrated that this uniport is inhibited by fatty acids. 
GDP inhibition in K + salts was not abolished by an uncouple^ 
indicating a negligible monocarboxylic acid penetration via 
the lipid bilayer. In contrast, the electroneutral pyruvate 
uptake (swelling in ammonium pyruvate or potassium pyru- 
vate induced by change in pH) mediated by the pyruvate 
carrier was inhibited by its specific inhibitor a-cyano-4- 
hydroxycinnamate but not by fatty acids. Moreover, ot-cyano- 
4-hydroxycinnamate enhanced the energization of brown 
adipose tissue mitochondria, which was monitored fluoro- 
metrically by 2-(4-dimethylaminostyryl)-l-methylpyridinium 
iodide and safranin O. Consequently, we suggest that UCP1 
might participate in futile cycling of unipolar ketocarboxyl- 
ates under certain physiological conditions while expelling 
these anions from the matrix. The cycle is completed on their 
return via the pyruvate carrier in an H + symport mode. 

brown adipose tissue; uncoupling protein 1; pyruvate carrier; 
uniport of monocarboxylates; anion futile cycling 



nonshivering thermogenesis in newborn mammals, 
including humans, or in adulthood, when induced by 
cold adaptation or overnutrition or under specific patho- 
logical conditions, takes place in mitochondria of the 
brown adipose tissue (BAT) (3, 5, 9, 23, 25). BAT 
mitochondria generate heat due to uncoupling protein 
1 (LJCP1), which is specific for BAT, unlike the ubiqui- 
tous uncoupling protein 2 (6). UCP1 dissipates a proton- 
motive force by mediating H + backflow (18, 23). Accord- 
ing to a recent hypothesis, this is carried out by a 
unique fatty acid cycling mechanism (7, 11, 15, 31). 
UCP1 is considered to conduct anionic fatty acids. 
Simultaneously, fatty acids are able to return in a 
protonated form via the lipid bilayer. The overall cycle 
leads to H + translocation (7, 31) and, hence, to uncou- 
pling. Indeed, UCP1 can be regarded as a pure anion 
uniporter, strictly specific for monovalent unipolar an- 
ions (14), since it translocates their wide spectrum, 
alkylsulfonates, oxohalogenides, and monovalent phos- 
phate analogs (14), including anionic forms of physiologi- 
cally abundant fatty acids (7). The transport of all 
anions is allosterically inhibited by GDP (11) and other 
purine nucleotides. Thus UCP1 exhibits the widest 
substrate specificity among the homologous anion trans- 



porters of the mitochondrial gene family (18). For 
UCP1, only single charged anions and their unipolar- 
ity 1 are limiting (14). 

Among mitochondrial metabolite anions (19), pyru- 
vate has been demonstrated to be a UCP1 substrate 
(14). It is not trivial to ask, What is the physiological 
role of such monocarboxylate transport via UCP 1 , since 
a futile cycling of pyruvate might proceed in a manner 
similar to that of the cycling of fatty acids? The anionic 
monocarboxylates would be expelled from the matrix 
because of the negative membrane potential (A»|i) gener- 
ated by the respiratory chain, whereas their return in 
an H + symport (electroneutral) mode could proceed via 
specific metabolite carriers, the pyruvate or the a-ke- 
toisovalerate carriers. Such a mechanism is plausible 
under the following conditions: /) UCP1 should provide 
monocarboxylate uniport, 2) BAT mitochondria should 
contain carriers allowing for electroneutral uptake (H + 
symport) of monocarboxylates, the pyruvate carrier (4, 
19), or the a-ketoisovalerate carrier (10), and 3) these 
carriers should be active at an intermediate thermo- 
genic state, when the anion uniport pathway of UCP 1 is 
not completely inhibited by ATP and is not saturated by 
fatty acids. In this state a minimum change in pH 
(ApH) should be established to drive the pyruvate-H + 
symport. Condition 1 is fulfilled, because a GDP- 
sensitive pyruvate uniport in BAT mitochondria was 
described previously (14). However, other unipolar 
ketocarboxylates were not studied, and it is not known 
whether fatty acids can compete with ketocarboxylates. 
Moreover, regulation of UCP1 activity is complex and 
includes variations in the levels of free fatty acids and 
cytosolic purine nucleotides (20). The nucleotide Inhibi- 
tory ability is negatively modulated by increasing pH 
and Mg 2+ (16). It has long been known that full 
coupling of BAT mitochondria in vitro is possible only 
when the fatty acids are removed (by BSA or combus- 
tion via the carnitine cycle) and, at the same time, 
purine nucleotides such as GDP are present (17, 26, 
28). Why simple removal of the cycling agent, a fatty 
acid, is not sufficient to cause full coupling of BAT 
mitochondria has not been explained. 

Condition 2 is also valid: because BAT mitochondria 
can respire with pyruvate (21), they exhibit an uptake 
of [ 14 C]pyruvate and swell in ammonium pyruvate (4). 
However, condition 3 needs to be investigated, and this 
is the main issue of this article. We have found that, in 
addition to pyruvate, UCP1 also translocates other 
unipolar ketocarboxylates and that their transport is 



1 Unlpolarity refers to a condition stating that, if there Is a polar 
group besides the carboxyl (or other charged group), It should be 
located close to the carboxyl group. 
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inhibited by fatty acids. The presence of the pyruvate 
carrier in BAT mitochondria was confirmed, and inhibi- 
tion of this carrier by ct-cyano-4-hydroxycinnamate 
(a-CHC) was shown to enhance mitochondrial energiza- 
tion. Hence, it is suggested that futile cycling of ketocar- 
boxylates might partially contribute to uncoupling of 
mitochondria in BAT. 

MATERIALS AND METHODS 

Most of the chemicals were purchased from Sigma Chemi- 
cal or Fluka; 2-(4-dimethylamlnostyryl)-l-methyIpyridinlum 
iodide (DASMPI) was a kind gift of Prof. J. Rafael (University 
of Heidelberg, Heidelberg, Germany). Syrian hamsters were 
cold adapted for at least 3 wk at 5°C. BAT mitochondria were 
isolated in a medium containing 250 mM sucrose, 10 mM 
Tris-MOPS, 1 mM Tris-EGTA, pH 7.4, and BSA (5 mg/ml); the 
final washing was performed in a BSA-free medium. BSA was 
omitted during the isolation of mitochondria for some Ai[r 
measurements. 

Anion uniport indicated by osmotic swelling was measured 
by following the decrease in apparent absorbance given by 
light scattering in the 530- to 550-nm range with use of a 
diode-array spectrophotometer (Spectronics 3000, Milton Roy). 
Light-scattering intensity reflects the inverse volume (2). All 
media contained 0. 1 mM Tris-EGTA, 2-8 pM rotenone, and 1 
pM oligomycin. Passive swelling in the absence of respiration 
was assayed routinely in the presence of 0.25 pg/ml antimy- 
cin. Usually, 0.2 mg protein/ml of BAT mitochondria were 
used per assay in a medium of 40% isotonic osmolarlty (270 
mosmol taken as 100%), i.e.. in 54 mM salts of monovalent 
anions buffered to pH 7.2 with 5 mM Tris-MOPS. The 
transport rates (in min -1 ) were calculated as the time changes 
in a normalized light-scattering parameter [J (2). which was 
calculated as follows 



P = P/P s *(A" 1 -a) 



where P is the mitochondrial concentration (mg/ml), Ps is the 
standard mitochondrial concentration of 1 mg/ml, A" 1 is the 
inverse absorbance of the suspension, and a is a machine 
constant (2) equal to 0.1163 for the Spectronics 3000 diode- 
array spectrophotometer. 

Oz consumption of mitochondria was measured at 37°C in a 
5-ml thermostatically controlled chamber equipped with a 
CLark polarographlc electrode in a medium containing 250 
mM sucrose, 10 mM Tris-MOPS, 1 mM Trls-EGTA, pH 7.4, 
and 40 pM rotenone. Energization (uncalibrated Ai|i) of a 
mitochondrial suspension was continuously monitored (17, 
22, 28) in the same medium by a fluorescence probe, DASMPI 
(3 pM), with excitation at 467 run and emission at 561 nm 
with use of 2-nm slit widths on an Ortec fluorescence spectrom- 
eter (model 9200, EG & G) or a Shimadzu fluorometer (model 
RF5301 PC), with excitation vertically polarized (5-nm slit 
width) and the emission collected through a 10-nm slit and a 
polarizer in cross orientation to eliminate scattering. Ai|i was 
estimated according to Mewes and Rafael (22). For calibra- 
tion, we assumed that under maximum energization (GDP + 
BSA) Ai|f of 170 mV is established and with BSA only Aip of 
37.5 mV is established (26), while ApH is 50 mV at pH 7.2 (26) 
and overall protonmotive force is 220 and 87.5 mV, respec- 
tively. A net fluorescence intensity was obtained when light 
scattering and a fluorescence increase due to BSA interaction 
with the probe were taken into account. Alternatively, Ai|r was 



monitored by 12.5 pM safranin, as described elsewhere (13), 
in the same medium in which DASMPI was used. 

RESULTS 

Uncoupling protein mediates uniport of monovalent 
ketocarboxylates. In accordance with our previous obser- 
vations and conclusions (14), we reevaluated the ability 
of UCP1 to conduct physiologically relevant "metabolic" 
anions. We studied valinomycin-induced uptake of K + 
salts of pyruvate (Fig. I A) and phenylpyruvate (Fig. 
IB) in nonrespiring BAT mitochondria pretreated with 
BSA. An inhibitor of the pyruvate carrier (27), ot-CHC. 
was routinely present to eliminate the pyruvate 




Fig. 1. Uniport of pyruvate and other unipolar ketocarboxylates via 
uncoupling protein in brown adipose tissue (BAT) mitochondria 
{A-D) and its absence In liver mitochondria (£). Uniport of pyruvate 
{A), phenylpyruvate (£), a-ketoisovalerate {Q, and a-ketoisocapro- 
ate {D) was measured as a passive swelling monitored by light 
scattering. Swelling was Induced by 1 pM valinomycin (Val) In 55 mM 
K + salts buffered to pH 7.2 with 5 mM Tris-MOPS [A and B) or by a 
mixture of 1 pM monensln (Mon) and 1 pM carbonyl cyanlde-p- 
(trifluQromethoxy)phenylhydrazone (FCCP) in 55 mM Na + salts (C 
and D) and 5 mM Tris-MOPS, pH 7.2, all in presence of 1 mM 
a-cyano-4-hydroxycinnamate (a-CHC). +GDP and +GDP + FCCP, 
traces measured with 1 mM GDP and with 1 mM GDP and 1 pM 
FCCP, respectively; ox a mate, trace measured in K + salt of oxamate 
(0-amino-a-ketoacetate). All assays contained 0.1 mM Trls-EGTA, 2 
pM rotenone, 0.25 pg/ml antlmycln, and 0.2 mg protein/ml of BAT or 
liver mitochondria. 
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Fig. 2. Dose responses for inhibition of pyruvate and phenylpyruvate 
uniport via uncoupling protein 1 (UCP1) by GDP. GDP dose re- 
sponses for pyruvate (▲) and phenylpyruvate (•) uniport were 
constructed from titrations by GDP. Measurements were performed 
under conditions described In Fig. 1 legend. Inhibitory ability In 
percent is expressed as 100% (v u ) minus remaining activity in percent 
at given GDP dose (v). Curves were drawn on assumption that 
infinite GDP would yield 100% inhibition. Dose responses were fitted 
on basis of linearization of Hill plots {inset), and fits were drawn 
according to Hill's equation (solid lines). This procedure yielded Hill's 
coefficient (n^) of 0.95 for pyruvate and phenylpyruvate and Inhibi- 
tion constants (/Q of 155 and 2,076 uM, respectively. 



carrier-mediated flux. The pyruvate uptake was highly 
sensitive to GDP (Figs. 1 and 2), and the inhibition was 
not released by carbonyl cyanide-/?- (trifluoromethoxy) 
phenylhydrazone (FCCP; Fig. 1A). This excludes the 
possibility that monocarboxylates pass through the 
membrane as neutral acids and that UCP1 participates 
only in H + reentry. 2 Hence, the observed GDP-sensitive 
fluxes must be ascribed to the function of UCP1. This is 
also confirmed by the absence of valinomycin-induced 
swelling of rat liver mitochondria in potassium pyru- 
vate in the presence of a-CHC (Fig. IE). 

Typical rates of UCP1 -mediated transport were 0.2 
and 1.0 min -1 in pyruvate and phenylpyruvate, respec- 
tively. For comparison, the rate in a CI" medium was 
0.3 min -1 (not shown). UCP1 also translocates ot-ketolso- 
valerate (Fig. ICO and a-ketoisocaproate (Fig. ID), as 
demonstrated by GDP-sensitive swelling induced by 
monensin in the Na + salts in the presence of FCCP. The 
typical rates reached 0.6 and 0.7 min -1 , respectively. 
GDP (1 mM) caused incomplete inhibition in Fig. 1, 



1 H + transport mediated by UCP1 Is most probably a result of fatty 
acid cycling (6). Residual endogenous fatty acids that were not 
removed by BSA treatment could therefore provide such an H + - 
conductlng pathway. 



B-D. This is due in part to an apparently lower affinity 
for GDP in inhibiting these anions (see below). All 
monocarboxylate substrates tested always have a sec- 
ond polar (carbonyl) group near the carboxyl. When 
this unipolarity requirement is not fulfilled (14) or 
when a third polar group is attached, as in the case of 
oxamate (p-amino-a-ketoacetate, Fig. 1A), then the 
anion is not translocated by UCP 1 . 

GDP inhibition of transport of various UCP1 anionic 
substrates was previously found to exhibit different 
inhibition constants (/Ci). Particularly, K x values in- 
creased with the increasing hydrophobicity or size of 
anions (14). This phenomenon is probably due to inter- 
ference of hydrophobic anions with GDP binding, as 
demonstrated by Nedergaard and Cannon (24) in the 
case of benzenesulfonate. We evaluated the K { values 
for GDP inhibition of uniport of all four carboxylates 
shown in Fig. 1 at pH 7.2, and two representative 
dose-response curves are illustrated in Fig. 2. The 
curves were drawn on the assumption that infinite 
GDP would yield 100% inhibition, and K { values were 
derived from the Hill plots (Fig. 2, inset). Indeed, Aj 
increased with increasing hydrophobicity. K { for inhibi- 
tion of pyruvate uniport was 1 55 uM, whereas values 
for the more hydrophobic carboxylates were between 
1 mM (ot-ketoisovalerate) and 2 mM (phenylpyruvate 
and a-ketoisocaproate). 

Fatty acids and monocarboxylates share the same 
pathway in UCP1. The mutual competition of fatty 
acids and other anionic substrates on LJCP1 has repeat- 
edly been reported (7, 11, 15, 29). Because some artifi- 
cial derivatives such as azido fatty acid, 12-(4-azido-2- 
nitrophenylamino)dodecanoic acid (AzDA), were 
previously shown to inhibit Cl~ uniport via UCP1 more 
potently than natural fatty acids (15), we investigated 
whether the UCP 1 -mediated pyruvate uniport is also 
inhibited by AzDA. Figure 3 shows strong inhibition by 
40 uM AzDA in the dark (i.e., not photoactivated), 3 



A B 




Fig. 3. Inhibition of pyruvate uniport via UCP1 by fatty acids. 
Valinomycin-induced passive swelling of BAT mitochondria In potas- 
sium pyruvate was measured in absence [A] and presence (£) of 
1 mM a-CHC. Effect of 500 uM lauric acid (+laurate) and 40 uM 
IZ-(4-aztdo-2-nitrophenylamlno)dodecanolc acid (+AzDA) was stud- 
ied. Rates were 0.25 and 0.045 min" 1 In control and with AzDA (82% 
Inhibition) In A and 0.23, 0.053, and 0.048 min -1 in control and with 
lauric acid (77% inhibition) and AzDA (79% Inhibition), respectively, 
In Bwlth a-CHC. See Fig. 1 legend for other details. 
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independently of the presence of a-CHC. A similar 
result was also obtained with lauric acid, a natural 
fatty acid, but at a much higher concentration of 500 
pM (Fig. 3B, +laurate). As a gauge for nonspecific 
changes that could be caused by AzDA and lauric acid, 
we tested swelling in potassium acetate with nigericin, 
which acts independently of a protein carrier (not 
shown). This swelling was not affected by concentra- 
tions of up to 50 pM with AzDA or up to 500 pM with 
lauric acid. Figure 4 illustrates the dose responses for 
inhibition of pyruvate uniport by AzDA and lauric acid. 
Apparent K x was —10 pM, irrespective of whether 
a-CHC was present. The inhibitory effect of lauric acid 
was lower (K x - 306 pM). Similar data were found for 
other monocarboxylates (not shown). 

Pyruvate carrier in BAT mitochondria is inhibited by 
a-CHC but not by fatty acids. A symport of H + and 
monocarboxylates can be provided in mitochondria by 
the pyruvate and the a-ketoisovalerate carrier (10, 19). 
The former has been assumed to allow for respiration of 
BAT mitochondria with pyruvate (21). Therefore, our 
further goal was to reevaluate a non-UCPl -mediated 
electroneutral pyruvate uptake in BAT mitochondria 
that can be ascribed to the pyruvate carrier. For this 
purpose, we first studied the swelling of BAT mitochon- 
dria in ammonium pyruvate (Fig. 5). The pyruvate 
uptake representing such swelling (4) must be electro- 
neutral, proceeding as a symport with H + , since only 
the neutral NH 3 is able to pass through the membrane. 
The transport was inhibited by a-CHC with a K { of 5.5 
mM (Fig. 5Q. On the contrary, it was not Inhibited by 
AzDA (Fig. 4) or by lauric acid. The electroneutral 
nigericin-induced uptake of pyruvate in the presence of 
GDP and the absence of a-CHC was quite slow in 
nonrespiring BAT mitochondria (0.05 min -1 ) as well as 
its a-CHC-sensitive part (0.03 min" 1 , Fig. 5/4). This 
shows that the activity of the pyruvate carrier is low 
under these conditions. However, another electroneu- 
tral transport induced by nigericin, a phosphate-H + 
symport via the phosphate carrier, was not obstructed, 
as shown in a parallel experiment (Fig. 5 A). 

We have also developed a new assay for electroneu- 
tral pyruvate transport in which we employ the valino- 
mycin-induced swelling in potassium pyruvate under 
conditions when fully coupled BAT mitochondria (by 
GDP and BSA) are respiring with a-glycerophosphate 
(Fig. 6). Propranolol was also present to exclude most of 
the inner membrane anion channel-mediated flux (1). 
Under these conditions, respiratory H + pumping com- 
pensates the pyruvate-H 4 " symport and the simulta- 
neous K + uniport (influx). Moreover, addition of valino- 
mycin to coupled mitochondria is known to create an 
initial ApH jump (1). Thus ApH drives the pyruvate-H + 
symport. As demonstrated In Fig. 6, such electroneutral 
pyruvate-H + symport was sensitive to a-CHC with a K { 
of 9 mM (Fig. 5Q. indicating the participation of the 
pyruvate carrier. Similar results were obtained with 



3 Photoactlvated AzDA inhibited UCP1 more strongly (cf. Ref. 15). 




[Fatty acid] \M 

Fig. 4. Dose responses for fatty acid inhibition of pyruvate uniport 
via UCP1 and lack of fatty acid inhibition of pyruvate carrier. Dose 
responses for AzDA Inhibition were measured In presence (•) and 
absence (a) of 1 mM a-CHC and for lauric acid Inhibition (■) of 
pyruvate uniport via UCP1. Lack of Inhibition by AzDA of pyruvate 
carrier-mediated electroneutral pyruvate-H + symport Is also Illus- 
trated when assay was assessed as swelling in ammonium pyruvate 
(♦, see Fig. 5 legend) or as ApH-Induced swelling (O, see Fig. 6 
legend). Inhibitory ability Is expressed as 100% minus remaining 
activity in percent at a given AzDA dose. Theoretical curves (solid 
lines) were fitted using linearization of Hill plots (not shown) and 
drawn on basis of Hill's equation with assumption that Infinite AzDA 
(lauric acid) would yield 100% Inhibition. For AzDA. was 1.2 with 
I mM a-CHC and without a-CHC and K { was 11.3 and 9.3 uM, 
respectively. For lauric acid, n h was 0.98 and K t was 306 uM. See Fig. 
1 legend for other details. 

the other known substrates of the pyruvate carrier 
such as phenylpyruvate (Fig. 6B) , lactate (Fig. 6C), and 
chloroacetate (Fig. 3D). The residual inhibitor-insensi- 
tive portion could be attributed to the nonionic diffusion 
of pyruvic and other ketocarboxylic acids across the 
lipid bilayer or to the uninhibited part of the inner 
membrane anion channel-mediated flux. A contribution 
of the former process should be minor, as documented 
by the very slow passive swelling of BAT mitochondria 
in potassium pyruvate in the presence of nigericin and 
a-CHC (Fig. 5A). 

Effect of a-CHC on coupling of BAT mitochondria. It 
is well known (17, 26, 28) that addition of GDP to fatty 
acid-depleted BAT mitochondria leads to their maxi- 
mum coupling (Ai|* of 170 mV) (26). Here we demon- 
strate that addition of a-CHC to fatty acid-depleted 
BAT mitochondria leads to some coupling (Fig. 7). 
Monitoring Ai|i fluorometrically by DASMPI (22), we 
found that a nearly uncoupled state of fatty acid- 
depleted BAT mitochondria in the absence of GDP can 
be further coupled by a-CHC in the presence of endog- 
enous (not shown) or externally added pyruvate (Fig. 
7). This intermediate coupling with a-CHC and BSA 
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Fig. 5. A and &. pyruvate carrier function as assessed by passive swelling. Two assays For pyruvate carrier based on 
passive swelling were tested. 1) Swelling was assessed In ammonium pyruvate {B, NH 4 -pyr), with no nigerlcln (Nig) 
added. This assay was conducted by mixing BAT mitochondria with a medium of 54 mM ammonium pyruvate, 5 mM 
Tris-MOPS, and 0. 1 mM Trls-EGTA, pH 7.2, containing 0.5 ug/ml antlmycin, 4 pM rotenone, and 1 pM oligomycin. 
2) Passive swelling of BAT mitochondria was assessed in potassium pyruvate containing 1 mM GDP [A, K-pyr) 
induced by 0.13 pM nigericin in absence or presence of 1 mM a-CHC (+a-CHC), which was quite slow (rates reached 
0.05 and 0.02 min -1 , respectively). To verify that nonresplring BAT mitochondria possess ability to conduct an 
electroneutral transport in presence of 0. 13 pM nigericin, a P r H + symport mediated by the P| carrier was tested {A, 
KP,) by passive swelling in KP ( (44 mM, pH 7.2). Other conditions were as for potassium pyruvate. C: dose response 
for a-CHC inhibition of pyruvate carrier. Pyruvate carrier was assayed as swelling in ammonium pyruvate (▲, cf. B) 
or ApH-Induced swelling (□, see Fig. 6). Percent inhibitory ability was calculated as described in Fig. 4 legend. Solid 
line, corresponding fit of data for passive swelling by use of Hill's equation; was 1.2 and K t was 5.5 mM. For 
ApH-induced swelling (fit not shown) /jh was 1 and K\ was 9 mM. 



was estimated to reach 112-135 mV (the maximum Ai|j 
and the sole BSA-induced energization served as the 2 
calibration points). We have explained this as a result 
of the elimination of pyruvate cycling. a-CHC enhanced 
the energization, independently of whether it was 
added before (not shown) or after BSA (Fig. 7 A) or 
before (Fig. IB) or after (Fig. 7 A) the respiratory 
substrate a-glycerophosphate. Pyruvate served only as 
a cofactor of the putative pyruvate cycling, since rote- 
none was always present. Figure IB shows that the 
energization in the presence of pyruvate and rotenone 
was higher with than without a-CHC. A sole pyruvate 
addition rather led to a slight uncoupling (Fig. IB, only 
pyr). We have also verified that a-CHC added after 
FCCP did not cause any effect, nor did it interfere with 
the fluorescence of DASMPI (not shown). We have also 
confirmed the well-known fact (17, 26, 28) that the sole 
addition of GDP (not shown) or sole fatty acid removal 
(Fig. 7) did not lead to complete coupling, but only to 
small Ai|i. Also, GDP added after a-CHC was still able to 
induce maximum energization (Fig. 7 A dashed trace). 
Note that the scale in millivolts is nonlinear with 
regard to the fluorescence; consequently, this energiza- 
tion appears to be exaggerated. 

Parallel measurements of respiration by a Clark 0 2 
probe confirmed that the a-CHC-induced coupling de- 
creases O2 consumption of BAT mitochondria, whereas 
the addition of an uncoupler accelerates their respira- 



tion (Fig. 7Q. Rat liver mitochondria respiring with 
endogenous substrates (i.e., without rotenone, Fig. 8-4) 
or nonenergized (with rotenone), in the presence (Fig. 
8A, bottom trace) or absence of pyruvate (Fig. SB), 
exhibited no increase in Av|/ after addition of a-CHC. 
Instead, a slight decrease of Ai|i was noted. Succinate, 
when added after a-CHC, was still able to energize rat 
liver mitochondria to a maximum coupling (Fig. SB). 

The alternative monitoring of Ai|i by safranin also 
confirmed the coupling effect of a-CHC in BAT mitochon- 
dria (Fig. 9). In contrast to DASMPI, safranin fluores- 
cence is quenched with increasing Ai|/ f so one could 
expect almost "mirror" changes in the fluorescence 
records, and this was indeed the case. a-CHC enhanced 
the energization independently of whether added after 
BSA (Fig. 9A) or before BSA (Fig. 9. Sand Q. The latter 
effect of a-CHC was higher in the presence of externally 
added pyruvate (Fig. 9, B vs. Q. As expected, ATP 
added after BSA induced the maximum energization 
(Fig. 9, B and Q. These results again suggest that the 
inhibition of the pyruvate carrier may eliminate pyruvate 
cycling, in which this carrier participates with UCP1 . 

DISCUSSION 

Jezek and Garlid (14) reported for the first time that 
UCP1 can translocate pyruvate and acetate. We have 
now extended these findings to the entire class of 
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Fig. 6. ApH-lnduced swelling of monocarboxylates mediated by 
pyruvate carrier in BAT mitochondria. Transport of pyruvate [A], 
phenylpyruvate (£), lactate {Q, and chloroacetate [D) was measured 
in respiring coupled BAT mitochondria In presence of 1 mM GDP and 
BSA (1.5 mg/ml) and 5 mM a-glycerophosphate in media containing 5 
mM Tris-MOPS. pH 7.2, and 1 mM Tris-EGTA in absence of antimy- 
cln as a ApH-lnduced swelling Initiated by 1 uM valinomycln. 
Vatlnomycin is known (cf. Ref. 1) to create a ApH jump in respiring 
coupled mitochondria. ApH then drives a monocarboxylate-H+ sym- 
port. Inhibition by I mM a-CHC (+a-CHC) indicates participation of 
pyruvate carrier. Other conditions were similar to those described In 
Fig. 1 legend. 

unipolar ketocarboxylates. Our data show that UCP1 
allows for the uniport of phenylpyruvate, a-ketoisoval- 
erate, and a-ketoisocaproate, which have not been 
identified as the UCP1 substrates. We can also suggest 
that fatty acids and unipolar monocarboxylates com- 
pete within a single pathway of the UCP1. A model 
fatty acid, AzDA (15, 29, 30), and the natural lauric acid 
inhibit the uniport of pyruvate via UCP1, but not 
electroneutral pyruvate transport, mediated by the 
pyruvate carrier. The latter was clearly identified in 
BAT mitochondria, and its inhibition by a-CHC re- 
sulted in an increased coupling of BAT mitochondria 
(which was incomplete). Our data suggest that, even in 
the absence of fatty acids, futile cycling of pyruvate and 
other monocarboxylate anions might mimic the fatty 
acid cycling uncoupling mechanism (7, 31). All monova- 
lent anions, which may enter into the matrix by a 
symport with H + , could be involved. This could be 



ensured by the pyruvate carrier or by the a-ketoisoval- 
erate carrier. Hence, the existence of the futile cycling 
of monocarboxylates could contribute, at least partially, 
to the uncoupling and enable a fine regulation of 
coupling in BAT mitochondria (Fig. 10). 

Features of the uncoupling protein. The UCP1 is now 
a well-characterized uniporter of monovalent anions. 
Striking analogy between the character and size of 
fatty acids and UCP1 amphiphilic substrates such as 
alkylsulfonates [translocation of which was directly 
proven (7, 14)] and the mutual competition of fatty 
acids and alkylsulfonates (7, 11, 15, 29) supports the 
fatty acid cycling mechanism (7). We now suggest that 
not only can long-chain fatty acids undergo such cycling 
but also the compounds with a short chain, namely, the 
monocarboxylic a-ketoacids (Fig. 10). We have unam- 
biguously characterized pyruvate and other unipolar 
ketocarboxylates as the transport substrates of UCP1. 
We may assume that maximal reaction velocity ( V max ) 
for pyruvate uniport via UCP1 will be close to the value 
found for CI" uniport (7) and that the Mlchaelis- 
Menten constant is on the order of 10 mM. Even if K max 
is lower and the assumed affinity (the inverse Michaelis- 
Menten constant) is much lower than the correspond- 
ing parameters for the fatty acid uniport, pyruvate 
uniport in the absence of fatty acids would still be able 
to contribute to the uncoupling at a pyruvate physiologi- 
cal concentration of 0.1 mM (10). Under these condi- 
tions, 1% of l/ max amounts to 100 nmol H+'irmr^mg 
UCP1" 1 , which is equal to the turnover of 7 s -1 . 
Because it is known that free Mg 2+ also prevents 
nucleotide inhibition of anion uniport via UCP1, we can 
expect that at least 35% of in vitro measured pyruvate 
uniport activity will remain (16) at the physiological 
concentrations of Mg 2+ and ATP, 0.5 mM in a thermo- 
genic state (20). 

The ketocarboxylate uniport via UCP1 is presumably 
competitively inhibited by fatty acids (Figs. 3 and 4) 
and allosterically (11) by GDP (Figs. 1 and 2). With 
unipolar ketocarboxylates, we confirmed both trends, 
which were previously revealed for the UCP1 -substrate 
pattern, namely, that the transport rates are enhanced 
with Increasing hydrophobicity of the anion (14), e.g., 
phenylpyruvate vs. pyruvate. A second feature, that 
GDP inhibition of anion uniport is decreasing with the 
hydrophobicity of the anion (with increasing Al), was 
also confirmed for ketocarboxylates. Moreover, residual 
GDP-insensitive transport in Na + salts of ct-ketoisoval- 
erate and a-ketoisocaproate might indicate that BAT 
mitochondria contain a branched-chain a-ketoacid car- 
rier (10). 

Regulation of thermogenesis in BAT. Regulation of 
thermogenesis in BAT has not yet been satisfactorily 
explained. A central mechanism should involve a single 
third messenger (or several such messengers) between 
norepinephrine-stimulated cAMP levels and UCP1 (23). 
The most plausible candidate according to LaNoue et 
al. (20) is ATP, which drops to 0.5 mM in thermogenic 
BAT cells. At physiological free Mg 2+ concentrations and 
pH, this ATP level is not inhibitory and allows the 
UCP1 transport pathway to open (16). At the same 
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F[g. 7. Coupling effect of ct-CHC in BAT mitochondria. A and B: energization (Aty) of mitochondria was monitored by 
increasing fluorescence of 6 uM Z-(4-dimethylaminostyryl)-l-methylpyridinium iodide (DASMPI), added at 
beginning of each trace. BAT mitochondria were resuspended to 1 mg p rote In/ml in an Oz-saturated medium 
containing 250 mM sucrose, 10 mM Tris-MOPS, 1 mM Trls-EGTA, pH 7.4, and 40 uM rotenone. A: BAT 
mitochondria containing natural endogenous fatty acids. Solid trace, effect of a-CHC added after a-glycerophos- 
phate (a-GP) and pyruvate. First, BSA (5 mg/ml) was added to eliminate fatty acids; corresponding fluorescence 
increase is mostly due to BSA interaction with DASMPI. Subsequently, a substrate, 10 mM a-glycerophosphate, 
Na + salt, and a cofactor, 5 mM Tris-pyruvate, were added (arrow, a-GP + pyr), causing a slight signal decrease. 
Addition of 1 mM a-CHC caused a biphaslc fluorescence (AvJ/) Increase, which was terminated by anoxia (no O2). 
Dashed trace, coupling effect of 1 mM GDP added after 1 mM a-CHC. Order of additions before GDP was as 
described above. A complete uncoupling induced by 2 uM FCCP is also demonstrated; fluorescence (Ai|i) dropped to 
original low value. B BAT mitochondria were isolated with BSA, which was also present in assay medium (5 mg 
BSA/ml). Top trace, a-CHC effect when 1 mM a-CHC was added before a-glycerophosphate and pyruvate (a-GP + 
pyr). Because 40 uM rotenone was present, only former represents a respiratory substrate. This Is compared with 
same measurement without a-CHC (dashed trace) and without both a-CHC and a-glycerophosphate {bottom trace, 
only pyr). C a-CHC-induced coupling of BAT mitochondria monitored by 0 2 consumption. BAT mitochondria (0.4 
mg protein/ml) were injected into a 5-ml chamber with a Clark polarographic Oz probe containing an O z -saturated 
medium of same composition used for Ai|; monitoring, supplemented by 7.5 mg BSA/ml. As indicated by arrows, 10 
mM Tris-pyruvate (pyr). 4 mM a-glycerophosphate, Na + salt (a-GP), 8 mM a-CHC, and 4 uM FCCP were added. 
Numbers under trace are respiratory rates in nmol O ■ min" 1 ■ mg protein" 



time, fatty acid levels are elevated, and this leads to the 
thermogenic state. 

We may hypothesize that the sole removal (combus- 
tion) of fatty acids can arrest the uncoupling cycle of 



fatty acids but not of monocarboxylates. The latter 
would be blocked only when high levels of ATP or other 
purine nucleotides are also present. Thus, in the ab- 
sence of fatty acids as cycling agents, pyruvate cycling 



B 



Fig. 8. Lack of a-CHC effect in rat liver mitochon- 
dria. Energization (Aip) of rat liver mitochondria 
(1 mg proteln/ml) was monitored by increasing 
fluorescence of DASMPI as described In Fig. 7 
legend. In A, 1 mM a-CHC was added to mitochon- 
dria energized almost completely by endogenous 
substrates [no rotenone, top trace, note that 10 
mM Tris-succlnate (succ) did not further Increase 
Atfi] or to nonenergized mitochondria [bottom 
trace), where effect of 5 mM Tris-pyruvate was 
also evaluated (pyr). In B t 10 mM succinate 
(succ) added after a-CHC was still able to induce 
maximum coupling; uncoupling Induced by 2 pM 
FCCP is Illustrated as well. 
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Fig. 9. Monitoring ct-CHC effect in BAT mitochondria 
by safranin. Energization (Ai|r) of BAT mitochondria (1 
mg/ml) partially depleted of fatty acids was monitored 
by decreasing fluorescence of 12.5 uM safranin In an 
Og-saturated medium containing 250 mM sucrose, 10 
mM Trls-MOPS. 1 mM Tris-EGTA, pH 7.4. 10 mM 
a-glycerophosphate, Na + salt, and 40 uM rotenone. 
Traces A and B were measured with 5 mM Trls- 
pyruvate and trace C without pyruvate. a-CHC (1 mM), 
added after [A) or before (B and Q BSA enhanced Aijf. 
Increase In Aip was higher In presence of 5 mM Trls- 
pyruvate [B vs. Q. Addition of BSA and ATP led to 
further coupling, whereas 2 uM FCCP led to uncou- 
pling, despite a signal shift due to addition of BSA. 



may play an important regulatory role for thermogen- 
esis, when fatty acids are rapidly depleted from the 
triglyceride droplets. Our current data support this 
point of view. Despite the fact that a-CHC in fatty 
acid-depleted BAT mitochondria does not induce the 
highest coupled state, the observed partial Ai|j increase 
is sufficient for delicate regulation of coupling. This 
partial Ai|j increase can be interpreted as a result of 
blockage of pyruvate cycling by inhibition of pyruvate 
uptake via the pyruvate carrier. 

Features of the pyruvate carrier in BAT mitochon- 
dria. The presence of the pyruvate carrier in BAT 
mitochondria has previously been indicated by the high 
capacity of BAT mitochondria (21) and BAT cells (25) to 
oxidize pyruvate as a respiratory substrate by the 
existence of swelling of BAT mitochondria in ammo- 
nium pyruvate and by the respiratory-driven uptake of 
[ 14 C]pyruvate into BAT mitochondria (4). We have 
confirmed the existence of swelling in ammonium pyru- 



UcP Pyruvate 
carrier 




Pyruvate" Pyruvate" H + H* 




Fig. 10. Proposed futile cycling of monocarboxylates involved In BAT 
thermogenesls. Decrease in ATP level results in opening of uncou- 
pling protein (UCP) for pyruvate efflux. Pyruvate might return 
together with an H + on pyruvate carrier, thus completing uncoupling 
cycle. Uncoupling decreases electrochemical proton gradient (A]j H +). 



vate, and we have demonstrated the respiratory-driven 
ApH-induced electroneutral transport of pyruvate and 
other monocarboxylates in BAT mitochondria. Both 
processes are sensitive to a-CHC, a specific inhibitor of 
the pyruvate carrier (27), but are insensitive to fatty 
acids (Fig. 4). The former is driven by NH 3 permeation 
into the membrane, and subsequent matrix alkaliniza- 
tion results from the formation of NHJ , whereas the 
latter process is driven by ApH of the same orientation, 
i.e., by the increased ApH under conditions when K + 
uptake by valinomycin discharges the A*|i component of 
the proton electrochemical gradient (Ajj H +)- Swelling in 
ammonium pyruvate is fast (4), because a much greater 
NH| gradient is established and concomitant matrix 
alkalinlzation creates ApH comparable in magnitude to 
that during respiration. 

Slow electroneutral pyruvate transport was detected 
only when we attempted to induce passive swelling of 
BAT mitochondria in potassium pyruvate by nigericin 
in the presence of GDP. First, it shows that pyruvate, 
unlike acetate, is poorly permeant through the mito- 
chondrial membrane itself. Otherwise, swelling in po- 
tassium pyruvate and nigericin should be as rapid as 
any swelling independent of a protein carrier. Because 
during a passive swelling nigericin collapses ApH, we 
might conclude that electroneutral pyruvate transport 
is slow at low ApH. This has been suggested also for the 
dicarboxylate carrier (12). Such a ApH regulation would 
represent a rate-limiting step in pyruvate cycling. 
Consequently, pyruvate cycling is expected to be a fine 
regulatory mechanism rather than a major thermo- 
genic mechanism. 

In conclusion, pyruvate (monocarboxylate) cycling 
might contribute only partially to the overall thermogen- 
esis but should play an important role in the fine 
control of coupling. This could be exerted even by 
sequential fluxes via the pyruvate carrier and UCP1. 
Because of the limited penetration of pyruvic acid via 
the lipid bilayer, pyruvate cycling cannot proceed as 
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freely as fatty acid cycling but is regulated on both 
proteins involved. With a partially inhibited pyruvate 
carrier (by low ApH), such cycling will play only a minor 
role. However, on combustion of fatty acids and concomi- 
tantly enhanced Aifi and ApH, the activated pyruvate 
carrier will enable the pyruvate cycling in concert with 
the open UCP1 pathway (unsaturated with nucleotides 
and fatty acids). 
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dextran/chloroquine method, we obtained 80% more transfected cells 
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to date. The absence of serum in the culture medium should reduce 
subsequent purification steps for production of recombinant mammalian 
proteins. Moreover, it should allow investigations dealing with the role of 
serum or other exogenous factors on mRNA stability or post-translation 
events during protein synthesis. 
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Abstract We have established a baby hamster kidney (BHK) 
cell line that constitutively expresses significant quantities of hu- 
man recombinant lecithinxholesterol acyltransferase (rLCAT). 
LCAT cDNA was cloned into a mammalian expression vector 
containing the metallothionein promoter and the dihydrofolate 
reductase gene. After transfection, the BHK cells were treated 
with 500 jtM methotrexate for 2 weeks to select the successfully 
transfeeted cells. Surviving colonies were subcloned and high 
level secretors were identified by measurement of LCAT activity 
and mass in the culture medium. The attachment of traMfected 
cells to rnicrocarrier beads enabled the efficient production of 
large quantities of rLCAT in a serum-free medium? After a 
single-step chromatography procedure, the rLCAT was purified 
to homogeneity with yields exceeding 1 mg of rLCAT per 100 
ml of culture medium. The molecular weight of rLGAT 
(■* 66,000) was identical to that of purified human plasma 
LCAT on SDS polyacrylamide electrophoresis. The rLCAT was 
activated by apolipoprotein A-I and had an average specific ac- 
tivity that was similar to purified plasma LCAT After selective 
deglycosylation with either neu.rarninidase or N^glycanasc, 
rLCAT and plasma LCAT had identical molecular weights, U 
The simplification of the production and purification of rLCAT 
reported here will enable a riiore in depth analysis of the struc- 
ture and function of this enzyme,- Hill; J. &, K. O, X. Wang, 
S. Paranjape, IX Dimttrijevich, A. G. Laclco, and R H. 
Pritchard* Expression and characterization of recombinant hu- 
man lecithin xholesterol acyltransferase. J. Lipid /feu 1993. 54: 
1245-1251. 

Supplementary key wotds DNA transaction • e Aumu o n • itcorabmant 
protein • enzymatic deglycosylation 

Lmthin;chdesterol acyltransferase (LCAP, EC 2.31 A3) 
catalyzes the transfer of an acyl group from the sn-2 posi- 
tion of phosphatidylcholine to the 3-hydroxyl group of 
cholesterol, resulting in the formation of cholesteryl ester 
and lysophosphatidylcholine. LCAT is synthesized in the 
liver and secreted into plasma where it associates with 
high density lipoproteins (HDL) (1, 2). These spherical 
and nascent discoidal particles contain apolipoprotein A-I 
which is necessary for maximum LCAT activity (3). By 
catalyzing the production of the majority of cholesteryl es- 



ters in human plasma, LCAT creates an unesterified 
cholesterol gradient between plasma membranes and cir- 
culating lipoproteins, thus facilitating the transport of 
cholesterol from peripheral tissues to the livec 

The mature LCAT protein is a single, polypeptide of 
416 amino acids with a relative molecular mass of 
65,000-69,000 (4) containmg 24% carbohydrate of which 
up to 7% is sialic acid (5). The primary structure of hu- 
man LCAT has been determined by the cloning and se- 
quencing of LCAT cDNA (6). and by direct arnino acid se- 
quencing (?), The analysis of specific chemical modifications 
of purified human plasma LCAT (8-10) has provided 
some insight into the topology of the active site of LGAT. 
More recendy, the catalytic mechanism has been inves- 
tigated by site-directed mutagenesis (11, 12). Studies with 
inhibitors of N-linkcd glycosylation (13) in Chinese ham- 
ster ovary (CHO) cells secreting recombinant human 
LCAT (rLCAT) have also been performed. An in depth 
analysis of the structure and function of LCAT has often 
been limited by either the labor-intensive procedures re- 
quired for the purification of the plasma enzyme or the in* 
ability to produce large quantities of rLCAT from cell culture. 

lb further these investigations, we have developed a 
baby hamster kidney (BHK) cell line that constitutive^ 
expresses significant quantities of rLCAT. In addition, we 
describe the efficient production and purification of 
rLCAT including comparative data characterizing both 
plasma and rLCAT enzyme species. 



Abbreviations: rLCAT, (recombinant) led thw :choksterol >acyltram« 
fcrase; HDL, high density lipoprotein; apoA-1, apolipoprotem A-I; 
CHO, Chinese hamster ovary; BHK, baby hamster kidney; DMDM, 
Dulbeoxfe modified Eagle*! medium; FB£ fetal bovine serum; TBS, 
Tris-buffered saline; HBS, HEPES-buflered saline. 

'To whom correspondence should be addressed an Department of 
Pathology. The Research Center, 950 Wsst 28th Avemft, Vancouver, 
BXX, Canada V5Z 4H4. 
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MATERIALS AND METHODS 

Plasmid construction and DNA transfection 

Full length LCAT cDNA (6) contained within pUC19 
was kindly supplied by John McLean, Genentech Inc., 
San Francisco. The LCAT cDNA was released from this 
vector by digesting with EcoRI and BamHI. After 
purification by agarose electrophoresis, the LCAT cDNA 
fragment was blunt-ended with Klenow polymerase and 
subsequently ligated into the Smal restriction site of the 
pNUT expression vector (14, 15). The newly formed 
pNUTLCAT plasmid, which places the LCAT cDNA un- 
der the control of the mouse metallothionein promoter, 
was used to establish stable cell lines of baby hamster kid- 
ney (BHK) cells, which constitutively synthesize the na- 
tive LCAT protein. In addition, the pNUT vector con- 
tains a mutant form of the dihydrofolate reductase 
(DHFR) gene permitting the selection of cells stably 
transfected with the plasmid DNA by their survival in 
high, concentrations of methotrexate. 

BHK cells were maintained in Dulbecco's modified Ea- 
gle's medium (DM£M;Cibco-BRL) supplemented with 
10% heat-inactivated fetal bovine serum (FBS). To medi- 
ate the transfection of BHK cells, coprecipitates of plas- 
mid DNA (pNUT or. pNUTLCAT) and CaPO* were pre- 
pared (16). Plasmid DNA (20-30 /ig) in 0.50 ml of 0.25 
M CaCl 2 was mixed with 2 x HEPES-buffered saline (2 x 
HBS) containing 40 mM HBS (pH 6.96), 280 nM NaCl, 
10 mM KC1, 1.5 mM Na 2 HP0 4 , and 10 mM glucose. The 
calcium phosphate-DNA mixture was incubated at room 
temperature for 30 min before it was added dropwise to 
a 100-mm culture dish containing a 50% confluent BHK 
monolayer. After an overnight incubation at 37°C under 
5% C0 2 , the transfection medium was replaced with 
DMEM/10% FB£ for 24 h before transfected cells were 
selected over a period of 10-14 days in DMEM/10% FBS 
containing 500 jtM methotrexate (15). Survivipg colonies 
were transferred to 20-mm culture wells and grown to 
confluency under selected conditions. Clones expressing 
maximal quantities of LCAT were identified by LCAT enzyme 
activity and solid-phase LCAT immunoassay. One cell line, 
termed BHK-LCAT1, was selected for further analysis. 

Endogenous radiolabcling and immunoadsorption of 
rLCAT 

BHK-LCAT1 cells were incubated in methionine-free 
DMEM (DMEM-Met) for 20 min at 37°C to deplete the 
methionine pool. The endogenous methionine pool was 
then labeled for 30 min in DMEM-Met supplemented 
with 100-200 fiCi/ml [ S5 ]methidnine (700 Ci/mmol, New 
England Nuclear). Subsequently* the . labeling medium 
was removed and the cells* were incubated with 
DMEM/10% FBS. After a specified' incubation period, 
the medium was collected and the ce])ular protein was 
harvested in lysis buffer (50 mM Tris-HCl, pH 8.0, 62.5 



mM EDIA, 1% Nonidet P40, 0.4% sodium deoxycho- 
late, and 1 mM phenylmethylsulfonylfluoride) for subse- 
quent analysis. 

Solid phase immunoadsorption was used to detect the 
presence of LCAT in the culture medium as described 
previously (17). Polyclonal goat anti-human LCAT anti- 
bodies were pre-adsorbed onto agarose-immobilized pro- 
tein G (GammaBind G Sepharose, Pharmacia LKB) for 
30 min at 4°C. Subsequently, a sample volume of 
medium was added to the suspension and the mixture was 
rotated end-over-end overnight at 4°C. After centrifuga- 
tion and washing, the adsorbed material was then eluted 
from the agarose beads by heating at 90°C in the presence 
of 2x sodium dodccyl sulfate (SDS) sample buffer (0.1 M 
Tris-HCl, pH 6.8, 2% SDS, 40% glycerol). The beads 
were removed by centrifugation and the supernatant was 
recovered for electrophoretic analysis. [ l4 CJmethylated 
protein molecular weight markers (Amersham Canada 
Ltd., Oakville, Ontario) were used as standards. Before 
autoradiography, the Exed gels were equilibrated with 
Amplify (Amersham Canada Ltd.) and dried onto What- 
man 3MM chromatography paper. Autoradiograms were 
exposed on X-Omat AR film (Eastman-Kodak) for 16-24 h. 

Culture conditions for the optimal secretion of rLCAT 
by BHK-LCAT1 cells 

To maximize the surface area available for cell growth, 
porous microcarrier beads (Cultisphere-G, Hyclone 
Laboratories, Inc. Logan Utah) were used. BHK-LCAT1 
cells (2 x 10*) and 350 mg of sterile microcarrier beads 
were suspended in DMEM for 24 h permitting the attach- 
ment of cells to the beads. Subsequently, the cells were in- 
cubated in DMEM/10% FBS while the culture suspen- 
sion was stirred at a rate of 15 rev/min for 1 minute every 
hour. After a 4-day growth period, the medium was 
changed to serum-free Opti-MEM (Gibco-BRL). After 
72 h of incubation the culture medium was collected for 
purification. 

Purification of rLCAT 

Approximately 300 ml of culture medium containing 
rLCAT was loaded onto a phenyl-Sepharose column (10 
x 15 cm) that was previously equilibrated with 0.005 M 
sodium phosphate, 0.3 M sodium chloride, pH 7.4. The 
column was washed with the same buffer until the absor- 
bance (280 nm) fell below 0.01. Subsequently, the rLCAT 
was eluted with deionized water. 

Antibody preparation 

Human plasma LCAT was purified to homogeneity us- 
ing a modification of a previously described method (18). 
The dodecylamine-agarose and HDL agarose columns 
were replaced with three columns connected in sequence: 
phenyl-Sepharose, Afngel-Blue, and heparin-Sepharose. 
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The final purified LGAT fraction was used to immunize 
a gpat. 

LCAT mass assay 

The immunoassay of LCAT was carried out as described 
previously (17) by using nitrocellulose membranes as a 
solid phase support. Samples containing either culture 
medium or purified recombinant LCAT standard were 
bound to the membrane in a Bio-Rad slot-blot apparatus. 
Polyclonal goat anti-human LCAT antibodies and Protein 
G conjugated to horseradish peroxidase (Protein G-HRP, 
Bip-Rad) were used to visualize the protein. The blot was 
scanned using a Bio-Rad Video Densitometer (Model 
620). Total protein determinations were carried put ac- 
cording to Markwell et al. (19) using bovine serum albu- 
min as the standard. 

Electrophoresis and immunoblotting 

Samples containing LCAT were mixed 1:1 with 2x 
SDS sample buffer containing 10% 0-raercaptoethanol 
and 0.1% bromphenol blue. The mixture was boiled for 
5 miri prior to loading onto a 10% polyaccylamide gel run 
at a constant current of 15 mA/gel for 45 min. Gels were 
electroblotted onto nitrocellulose paper (0.45 pM) as 
described by lowbin, Staehelin, and Gordon (20). Mem- 
branes were incubated with polyclonal goat anti-human 
LCAT antibodies and Protein G-HRP as described 
earlier to detect the LCAT protein. 

LCAT activity assay 

LCAT activity was measured using single bilayer vesi- 
cles prepared by the method of Batzxi and Korn (21). Each 
assay contained 4.66 nmol of unesterified [ s H]chblesterol 
and 10 jtg of apolipoprotein A-L The molar ratio of 
cholesterol to egg yolk phosphatidylcholine was 1:4. The 
substrate (0.03 ml) was pre-incubated with apolipoprotein 
A-I (apoA-I) in 0.15 ml of 0.1 M Trts and 0.15 M NaCl at 
37°C for 30 min. Esterification rates were measured over 
a period of 30 min at 37 °C using 0.015 ml of plasma or 
culture medium containing rLCAT. The reaction was 
stopped by adding chloroform-methanol 2:1 and incubat- 
ing for 2 h at room temperature to extract lipids. Labeled 
cholesterol and cholesteryl ester were separated by thin- 
layer chromatography on silica gel layers incubated in 
petroleum ether-diethyl ether-acetic acid 70:12:1 and 
radioactivity was determined by liquid scintillation spec- 
trometry. 

LGAT activities based on the method of Manabe et al. 
(22) measured during the production of rLCAT were car- 
ried out using the exogenous substrate containing apoA-L 

Enzymatic deglycosylation of LCAT 

Neuraminidase {Clostridium ptrfringens, type V, Sigma 
Chemical Co.) was used to remove the sialic acid residues 
from LCAT by adding 3 p\ of neuraminidase (1 U/ml) to 



7 /d of culture medium or purified human LGAT. Samples 
were incubated at 37°C for 1 h. N-glycanase digestion 
was performed by adding 10 pi of 0.9 M sodium phos- 
phate, pH 8.7, and 4 /tl of 10% Nonidet P-40 to 15 /tl of 
sample. The mixture was boiled for 1Q min, cooled, and 

1 pi of N-glycanase (250 U/rnl) was added before incubat- 
ing at 37°C overnight. Endoglycosidase H digestion was 
carried out by adding 10 pi of 0.15 M sodium acetate 
buffer, pH 5.8, arid 4 pi of 10% Nonidet P-40 to 15 jtl of 
sample. The mixture was boiled for 10 min, cooled, and 

2 /il of endoglycosidase H (1 U/ml) was added before in- 
cubating at 37°C for 16 h. 



FAULTS 

Expression of rLCAT in BHK cells 

The autoradiogram in Fig. 1 indicates that BHK cells 
transfected with pNUTLCAT secreted a predominant 
protein that was recognized by antibodies specific for hu- 
man plasma LCAT. This protein migrated as a broad 
band typical of glycosylated proteins in SDS-polyacrylamide 
gels and spanned a molecular weight of 60 > 000-67,000. 
This is consistent with previous determinations for 
purified human LCAT (4, 5). No LCAT mass was de- 
tected in the medium from those cells transfected with the 
pNUT vector containing no LCAT cDNA insert. 
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rLCAT 



pNUT pNUTLCAT 

Fig. 1. Expression of rLCAT. BHK cells transfected with pNUT or 
pNUTLCAT plavmnh were subsequently labeled with ("SJmethionine 
for a 30-min pulse. After 6 h (lanes 1 and 3) and 24 h (lanes 2 and 4) 
of incubation, medium was collected and rLCAT was imraurtoadsorbed 
at described in Materials and Methods. The immunoadiorbed protein 
wai reduced and ckctrophoreted in 10% SDS-polyacrylamkk gels. Af- 
ter gel drying, radioactivity wat detected by autoradiography. Lanes 3 
and 4 show labelled rLCAT (60,000-67,000) secreted by BHK cells 
transfected with pNUTLCAT. Lanea I and 2 represent cells transfecced 
with the pNUT vector containing no LCAT CDNA insert. Molecular 
weight standards are indicated in kQodaltons. 
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Properties of rLCAT 

Aliquots of serum-free medium were collected at 
several time intervals from 35-mm culture dishes contain- 
ing BHK-LCAT1 cells and assayed for the presence of 
LCAT mass and activity. As shown in Table 1, the levels 
of both LCAT mass and activity continued to increase 
during a 48-h incubation period. The average specific ac- 
tivity of the LCAT enzyme calculated from these values 
of mass and activity was 3.75 ± 0.39 nmol/h per jig. The 
specific activity of rLCAT was similar to plasma LCAT 
(5.64 ± 0.32 nmol/h per /ig) (23) and LCAT purified 
from plasma (0.75 ± 0.08 nmol/h per pg) using the same 
substrate. In addition, the ability of apoA-I to activate 
both rLCAT and human plasma LCAT was compared. 
Both enzymes demonstrated a typical saturation curve 
with a maximal activation between 5 and 7.5 fig of apoA- 
I/assay (Fig. 2). After numerous cell passages, both the 
activity and mass of rlXIAT secreted from this stable 
BHK cell line remained consistent. 



Production and purification of rLCAT 

As mentioned previously, the LCAT cDNA is under the 
control of the mouse metallothionein promoter which can 
be stimulated by the presence of divalent cations (24). 
Due to its lower cell toxicity, the effect of Zn 2 * ion concen- 
tration on the secretion of rLCAT from the BHK-LCAT1 
cells was investigated. As shown in Fig. 3, a Zn 2 * ion con- 
centration of 20 pM corresponded to the highest secretion 
rate of rLCAT. 

After a 72-h incubation in serum-free Opti-MEM, 
BHK cells attached to microcarrier beads secreted 
rLCAT at level s'exceeding 10 /ig/ml. The secreted rLCAT 
was purified by phenyl-Sepharose chromatography with 
the elution profile depicted in Fig. 4. After elution with 
deionized water, 97% of the original activity was reco- 
vered resulting in a 29-fold purification (Table 2). A 
homogeneous LCAT protein was eluted from the column 
as observed by a single band in SDS polyacryl amide elec- 
trophoresis. 



TABLE 1 . Secretion of rLCAT mass and activity 
into serum-free medium 



Hours of Incubation 


Mass 


Activity 


Specific activity 




fig/ml 


nmoi/k/mt 


nmol/h/fig 


24 


4.36 


17.90 


4.11 


30 


6.91 


26.39 


3.82 


48 


10.30 


34.30 


3.33 



Confluent BHK-LCAT1 cells were incubated in serum-free Opti-MEM 
for the indicated time intervals. LCAT activity and mass were determined 
as described in Materials and Methods. Activity units are expressed as 
nmol of cholcsteryl ester formed per hour per ml. The values depicted 
are the mean of two separate experiments, each done in duplicate. 
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Fig. 2. Activation of plasma LCAT and rLCAT as a function of 
apolipoprotcin A-I concentration. Assays were performed by using sin- 
gle bilayer cholesterol-lecithin 1:4 vesicles. LCAT activity was measured 
using 0.015 ml of plasma (•) or culture medium containing rLCAT (■> 
and expressed as nmol of cholcsteryl ester formed per hour per ml. Data 
points are means of duplicate assays. 



Enzymatic deglycosylation of plasma LCAT and 
rLCAT 

To compare the carbohydrate structure of purified hu- 
man LCAT and rLCAT, each was selectively deglycosylated 
with either neuraminidase to remove sialic acid residues 
or N-glycanase to digest N-linked carbohydrate chains. 
Fig. 5 shows a Western blot of an SDS polyacrylamide gel 
which demonstrates that both enzymes have equivalent 
molecular weights before and after enzymatic deglycosy- 
lation. However, it is apparent that rLCAT migrates as a 
broader band compared to plasma LCAT. Digestion with 
neuraminidase was accompanied by a reduction in 
molecular weight which was consistent with previous data 
(5, 12) indicating that sialic acid makes up a significant 
portion of the total carbohydrate mass. In addition, reac- 
tion with N-glycanase reduced the apparent molecular 
weight of LCAT to about 48,000, which was comparable 
to the calculated molecular weight for the mature protein 
of 47,090 (6). In addition, the removal of the N-linked car- 
bohydrate significantly decreased the size heterogeneity of 
rLCAT. Both plasma LCAT and rLCAT were resistant to 
digestion with endoglycosidase H (data not shown) in- 
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Fig. 3. Effect of Zn 2 * ion concentration on the secretion of rLCAT. 
Different concentrations of ZnS0 4 were added to a suspended culture of 
BHKrLCAU cells after the initiation of incubation in serum-free 
medium. Culture medium wa» analyzed for LCAT activity expressed as 
a percentage of cholesterol esterified per hour. 



dicating the assembly of either complex or hybrid 
oligosaccharide chains in the Golgi apparatus prior to the 
secretion of LCAT from the cell (25). 



DISCUSSION 

In this study, we have stably transacted BHK cells with 
an expression vector containing an LCAT cDNA. The 
cells secrete rLCAT whose properties closely resemble 
those of plasma LCAT with respect to molecular weight, 
activation by apoA-I, specific activity, and carbohydrate 
content. However, there was a greater size heterogeneity 
associated with rLCAT in SDS polyacr ylam ide elec- 




^ Protein 

20 40 60 80 100 120 

Column Fraction 

Fig. 4. Elution profile of phenyl-Sepharose CL-4B chromatography. 
An aliquot (300 ml) of culture medium containing rLCAT secreted from 
BHK cells was applied to a plienyl-Sepbarpse CL-4B column (10 x 15 
cm) equilibrated with Q.005 M potassium phosphate buffer (pH 7.4) 
containing 0.3 M sodium chloride. The column* was washed with the 
same buffer until the absQrban.ee (280 nrh) fell below 0.01 at which point 
the rLCAT was eluted with deianized water (arrow). The protein absor- 
bance and LCAT activity expressed as a percentage of cholesterol es- 
terified per hour were determined in each fraction. 



trophoresis when compared to LCAT purified from 
plasma. Similar observations have recently been reported 
for recombinant andthrombin secreted from BHK and 
CHO cells (26). In each case, removal of the N-linked car- 
bohydrate resulted in the migration of a single sharp band 
with no apparent difference in mobility compared to the 
plasma protein, suggesting a greater degree of heter- 
ogeneity in the giycosylation of the recombinant protein, 
lb determine the basis for these differences, a compara- 
tive analysis of the specific composition and structure of 
the carbohydrate chains for both rLCAT and plasma 
LCAT is currently under investigation.. It is possible that 
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TABLE 2. Purification of rLCAT secreted by transfected BHK cells 



Fraction 


Volume 


Protein 


Specific Activity 


Purification 


Yield 




mi 


mg 


units/nig 


-fcld 


% 


Opti-MEM culture medium 


350 


149 


105 




100 


Phenyl-Sepharose eluent 


no 


4.9 


3,090 


29 


97 
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Fig. 5. Comparison of the effects of enzymatic deglycosylation of hu- 
man and rLCAT. The molecular weights of human plasma LCAT and 
rLCAT were determined by SDS polyacrylam ide gel electrophoresis 
IXWT protein was blotted onto nitrocellulose membranes and detected 
immunologically u described in Materials add Method*. Lane 1, un- 
treated rLCAT, lane 2, untreated human plasma LCATJ lane 3, 
neuraminidase-treaVed rLCAT. lane 4, neurambridase-treated human 
plasma LCAT, lane 5, N'glycanase-treated rLCAT; lane 6, N>glycana*e- 
treated human LCAT. 



differences in the specific activity of LCAT reported for 
different ceil lines such as COS-1 cells, 3-12 nrhol/h per 
*g(17, 27); CHO cells, 1-2 nmol/h per/ig(U^13); and hu- 
man embryonic-293 cells, 46 nraol/h per fig (28) could be 
attributed in part to differences in the glycosylation pat- 
terns present in each mammalian cell type. In addition, 
the variety of methods employed for substrate preparation 
and activity analysis are also likely to contribute to this 
heterogeneity. 

The increased surface area of rnicrocarrier beads per- 
mitted a greater number of cells to grow per unit volume 
of culture medium. This form of tissue culture in conjunc- 
tion with the use of serum-free medium has enabled us to 
produce greater quantities of rLCAT which can be 
purified to homogeneity by a single-step chromatography 
procedure. 

The simplification of the production and purification of 
rLCAT reported here will pave the way for a more in 
depth analysis of the structure and function of this en- 
zyme. The knowledge of natural mutations causing fish 
eye disease (23, 29, 30) and LCAT deficiency (26, 27, 
31-33) combined with the application of site-directed 
mutagenesis will enable the expression and purification of 
mutant recombinant proteins. As a result, this expression 
system will be an invaluable tool to investigate the physi- 
cal/chemical properties of these mutant LCAT proteins 
and their interaction with lipoproteins. Finally, the prepa- 
ration of large quantities of homogeneous enzyme should 
allow the crystallization of LCAT and the elucidation of 
its three-dimensional structure. U 
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Expression of human lymphotoxin in Namalwa KJM-1 cells 
adapted to serum-free medium. 

Miyaji HL Harada N . Mizukami T . Sato S . Fujiyoshi N . Itoh S . 

Tokyo Research Laboratories, Kyowa Hakko Kogyo Co., Ltd., Japan. 

A Namalwa cell line, KJM-1, which was adapted to serum- free medium is 
thought to be a good host cell line for recombinant DNA technology. We 
previously reported the expression of human beta-interferon (beta-IFN) in 
Namalwa KJM-1 (Miyaji, 1989a). The utility of Namalwa KJM-1 for 
expression of foreign genes was further examined. As a target gene to be 
expressed, human lymphotoxin (hLT) cDNA was used. It was engineered 
for expression in Namalwa KJM-1 using a simian virus 40 (SV40)-based 
expression vector pAGE107 (Miyaji, 1989a). It contains all components 
necessary for the expression of cDNA in mammalian cells. The expression 
vector was introduced into Namalwa KJM-1 by electroporation. Among 
the transformants, clone 7 was further examined for the expression of hLT 
in serum-free medium. The production level of hLT was augmented with 
the increase of the cell density. Thus it was further indicated that Namalwa 
KJM-1 is useful for production of foreign gene products. 
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Binding Capacity Using Viral Expression Systems 4 ' 

(Received for publication, March 2, 1995, and in revised form, April 10, 1995) 

Lorenz Rindisbachert, Sandra Cottett, Riccardo Wittekt, Jean-Pierre Kraehenbuhl§, 
and Blaise CorthesytH 

From the $Institut de Biologie Animate, B&timent de Biologic, University de Lausanne, CH-101S Lausanne, Switzerland 
and the §Swiss Institute for Experimental Cancer Research and Institute of Biochemistry, University of Lausanne, 
CH-1066 Epalinges, Switzerland 



The cDNA encoding the NH^-terminal 589 amino acids 
of the extracellular domain of the human polymeric im- 
munoglobulin receptor was inserted into transfer vec- 
tors to generate recombinant baculo- and vaccinia vi- 
ruses. Following infection of insect and mammalian 
cells, respectively, the resulting truncated protein cor- 
responding to human secretory component (hSC) was 
secreted with high efficiency into serum-free culture 
medium. The Sf9 insect ceU/baculovirus system yielded 
as much as 50 mg of hSC/liter of culture, while the mam- 
malian c«fls/vaccinia virus system produced up to 10 mg 
of protein/liter. The M e of recombinant hSC varied de- 
pending on the cell line in which it was expressed 
(70,000 in SfB cells and 85-85,000 in CV-1, TK- 143B and 
HeLa). These variations in M r resulted from different 
glycosylation patterns, as evidenced by endoglycosidase 
digestion. Efficient single-step purification of the re- 
combinant protein was achieved either by concanavalin 
A affinity chromatography or by Ni 2+ -chelate affinity 
chromatography, when a BxHis tag was engineered to 
the carboxyl terminus of hSC. Recombinant hSC re- 
tained the capacity to specifically reassociate with di- 
meric IgA purified from hybridoma cells. 



Mucosal epithelia of the human body, including the linings of 
the digestive, respiratory, and urogenital systems, comprise a 
vast surface permanently vulnerable to attack by outside 
pathogens. Protection of mucosal surfaces against colonization 
and possible invasion by pathogenic microorganisms is medi- 
ated by a special class of antibodies known as secretory immu- 
noglobulin A (slgA) 1 (Mestecky and McGhee, 1987; 
Brandtzaeg, 1989; Kraehenbuhl and Neutra, 1992a). The anti- 
bodies are believed to act by agglutinating potential invaders 
and facilitate their clearance by peristaltic or mucociliary 
movement. 



* This work was supported by research funds from the Swiss National 
Science Foundation, Biotechnology Priority Program, Grant 5002- 
034603 (to L. R., J.-P. K, and B. C.) and from the Etat de Vaud (to S. C. 
and R. W.). The cOBts of publication of this article were defrayed in part 
by the payment of page charges. This article must therefore be hereby 
marked "advertisement 9 in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

H To whom correspondence should be addressed. Tel.: 41-21-692-41- 
36; Fax: 41-21-692-41-06. 

1 The abbreviations used are: slgA, secretory IgA; plgR, polymeric 
immunoglobulin receptor; IgA, immunoglobulin A; dlgA, dimeric IgA; 
hSC, human secretory component; PCR, polynucleotide chain reaction; 
m.o.i., multiplicity of infection; Endo H, endoglycosidase H; FNGase F, 
peptide-tf-glycosidase F; ConA, concanavalin A; ELISA, enzyme-linked 
immunosorbent assay; PBS, phosphate-buffered saline; PAGE, poly- 
acrylamide gel electrophoresis; TK, thymidine kinase; DORA, dot blot 
reassociation assay. 



The IgA moiety is produced by local mucosal and glandular 
plasma cells. Two immunoglobulin A (IgA) antibodies are 
dimerized via J chain in a tail to tail arrangement; the addition 
of J chain occurs in plasma cells just before secretion 
(Parkhouse and Delia Carte, 1973; McCune et a/., 1981). To 
interact with pathogens on the luminal side of the mucosa, the 
dimeric IgA (dlgA) antibodies have to be transported across the 
epithelium barrier by the poly-immunogiobulin receptor (plgR). 
The receptor, a type I transmembrane protein, is expressed by 
the epithelial cells on the basolateral side of the epithelia lining 
mucosal and glandular surfaces. Upon binding to the receptor, 
the receptor-ligand complex is internalized and transcytosed 
(Schaerer et al, y 1991); during transport or at the apical cell 
surface, the plgR is cleaved and the extracellular portion of the 
molecule, termed secretory component (SC), is released free or 
bound to IgA (for review, see Mestecky et at. (1991), Kraehen- 
buhl and Neutra (1992b), and Neutra et al (1994)). Studies on 
the stoichiometry of SC-IgA association suggested that either 
one or two molecules of SC are contained per slgA complex 
(Kuhn and Kraehenbuhl, 1982). 

The initial binding of SC to dimeric IgA in vitro is noncova- 
lent, and interchain disulfide bridges are formed in a second 
step (Lindh and Bjdrk, 1977; Garcia-Pardo et al. 1979; Eiffert 
et al., 1984). The noncovalent interaction has been shown to be 
mediated by the amino-terminal domain of rabbit SC (Fm tiger 
et a/., 1986) and human SC (Bakos et of., 1991). Binding of SC 
to IgA confers resistance to proteolytic enzymes, including Pro- 
nase, papain, trypsin, and pepsin (Underdown and Dorrington, 
1974; Lindh, 1975). Brown et al. (1970) have shown that slgA 
in duodenal secretions is more resistant than monomeric IgA to 
the action of proteases. Recently it was reported that human 
SC was able to compete the binding of Helicobacter pylori to a 
gastric epthelial receptor by virtue of fucosyl residues associ- 
ated with SC carbohydrate side chains (Falke* oi., 1993; Boren 
etal 9 1993). 

Despite the discovery of SC almost three decades ago, little is 
known about the properties the molecule confers to dimeric IgA 
antibodies, except for resistance to proteolysis. In order to 
analyze the molecular role of SC on IgA stability and determine 
its contribution to immune protection, both monoclonal IgA 
antibodies and the same antibodies reassociated with SC have 
to be available. Although protocols have been established for 
the production of monoclonal dimeric IgA antibodies (Lee et aL, 
1994), their combination to SC has been hampered by the 
difficulty to produce sufficient amounts of recombinant SC. The 
aim of this study was therefore to produce milligram quantities 
of hSC using recombinant virus expression systems and insect 
or mammalian cells. 

We report here that recombinant hSC (a) is produced and 
secreted with high efficiency by both insect and mammalian 
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cells, (6) is glycosylated by both insect and mammalian cells, 
yet to a different extent, (c) is readily isolated from serum-free 
culture medium by lectin or ion-chelate affinity chromatogra- 
phies, and (d) binds to dimeric IgA, indicating that the mole- 
cule is properly folded and retains its biological activity. This is 
the first report on the production of biologically active recom- 
binant hSC, that can now be used to dissect the properties it 
confers to dimeric IgA. of defined specificity in in vitro systems 
(Hirt et aL, 1993) or upon mucosal administration. 

EXPERIMENTAL PROCEDURES 
Cell Culture Conditions 

African green monkey kidney CV-1 cells (ATCC CCL70) were grown 
in Dulbecco's modified Eagle's medium supplemented with 8% fetal calf 
serum containing 50 units/ml penicillin and 50 /i^ml streptomycin. The 
cells were cultivated to confluency in 175-cra 3 flasks to a final concen- 
tration of 2 X 10 7 cells/flask in a 5% C0 2 atmosphere at 37 °C. Human 
TK~ 143B cells (ATCC CRL 8303) and human HeLa cells (ATCC CCL 
2) were grown under the same conditions. Human HeLa S3 cells (ATCC 
CCL 2.2; a clonal derivative of the parent HeLa cell line CCL2) were 
grown in spinner bottles at 37 °C, in minimal essential medium for 
suspension culture supplemented with 8% fetal calf serum, to a concen- 
tration of 6 x 10 s cells/ml. 

Spodoptera frugiperda (SB) insect cells (ECACC 89070101) were 
cultured at 28 e C in TC10O medium (Life Technologies, Inc.) containing 
10% fetal calf serum or in SF-900 II medium (life Technologies, Inc.) in 
the absence of serum. Cells grown as monolayers in T-flasks were 
passaged at confluency. Cells in suspension were grown as shaker 
cultures at 125 rpra in Erlenmeyer flasks and were diluted with fresh 
medium to 5 X 10 6 cell a/ml twice a week. 

Engineering of Human Secretory Component Sequences and 
Cloning into Viral Transfer Vectors 

Human plgR cDNA was obtained from Dr. Charlotte Kaetzel, Uni- 
versity of Cleveland, OH. Since du S89 is suggested to represent the 
authentic carbozyl terminus of human SC (Krajci et al. 3 1989; corre- 
sponding to Glu 636 awarding to their numbering), we introduced a stop 
codon immediately downstream of this position in the recombinant 
protein. An EcdKL-BamHI fragment containing the hSC Kozak (1986) 
sequence, the hSC ATG initiation codon, the signal sequence for secre- 
tion, and the five extracellular Ig-Hke domains (Mostov et a/., 1984), 
including Asp 583 , was Buhcloned into pBluescriptU KS+ (Stratagene). 
The sequence corresponding to Pro 684 to Glu 969 , including a stop codon 
and an Xbal restriction site, was subsequently introduced 3' to the 
BamJU site as a double-stranded oligonucleotide, 

GATCCCAGGCTTTTTGCAGAMGT 

GGTCCGAAAAACGTCTCATCAGATC 
BamHI STOP Xbal 

The resulting construct was referred to as pBS-hSC. The same strat- 
egy using the oligonucleotides, 



AAATG GGCCGCGCGAAATTATT-3' as "inside" primers and oligonu- 
cleotides 6'-CCATCGATG AAGGACAGTTCTTTCCAG-3 ' and 5'- 
GGGGTACCGGTCACCGTTCTGCCCAGGTCC-3' as "outside" prim- 
ers. The PCR products were sequenced by the method of Sanger et ol. 
(1977). Plasmids pHGSl-hSC and pHGSl-hSC:6xffis were constructed 
via a four piece ligation including: (a) vector pHGS-1 ClaVEcoKL^^; (6) 
the ClaVAccl PCR fragment containing the modified 5' end of the hSC 
gene; (c) the AccVKpnl fragment from pCB6-hplgR containing the cen- 
tral portion of the gene; and (d) the jfSpnVXbal^^ fragment from 
pBS-hSC or pBS-hSC:6xHis containing the respective 3' ends. 

Cloning of hSC into the baculovirus insertion vector pVL1392 (In- 
vitrogen) was carried out by ligating the EcoRVXbal fragments contain- 
ing the modified cDNAs, excised from pBS-hSC or pBS-hSC:6xHis, into 
the corresponding restriction sites of pVL1392. The resulting constructs 
were termed pVL1392-hSC and pVL!3S2-hSC:6xHis, respectively. 

Generation of Vaccinia and Baculovirus Recombinants 

The hSC cDNA under control of the 11K promoter was incorporated 
into the genome of wild-type vaccinia virus strain WR (ATCC YR1354) 
by homologous recombination into the thymidine kinase (TK) gene. 
Briefly, subconfluent CV-1 cell monolayers were infected with the tem- 
perature-sensitive vaccinia virus ts7 (Drillien and Spehner, 1983) and 
transfected with WR vaccinia virus DNA and the pi IK- or pHGSl-hSC 
constructs according to Bertholet et al. (1985). Thymidine kinase-neg- 
ative recombinant viruses were selected from the progeny virus by two 
rounds of plaque purification on TK~ 143B cells in the presence of 75 
fig/ml bromodeoxyuridin e. Recombinant virus plaques were isolated, 
and positive clones were identified by PCR screening with primers 
TKL+ (5'-CGGAACGGGACTATGGACGC-3') and TKR- (5'-GTC- 
CCATCGAGTGCGGCTAC-3') specifically hybridizing to regions in the 
left and right portion of the TK gene flanking the insertion site. Recom- 
binant viruses were amplified by infecting TK" 143B cell monolayers in 
the presence of 60 jig/ml bromodeoxyuridine, and large stocks were 
prepared in CV-1 cells without selection. Recombinant viruses were 
named after the DNA inserted into the TK locus. 

The engineered hSC gene was introduced into the polyhedrin gene of 
Autographa californica multiple nuclear polyhedroais virus (baculovi- 
rus), essentially as described by Summers and Smith (1988), with 
modifications. Briefly, wild-type baculovirus DNA and transfer plas- 
mids containing the hSC DNA under control of the polyhedrin promoter 
were cotransfected into Sf9 cells using cationic liposomes (Feigner et al. , 
1987): 1 ml of TC100 medium without serum containing 1 ug of bacu- 
lovirus DNA prepared as described (Piwnica- Worms, 1990), 10 /ig of 
pVLl392-hSC or pVL1392-hSC:6xHis> and 30 ul of DOTAP transfection 
reagent (Boehringer Mannheim) were vigorously mixed for 15 s, incu- 
bated at room temperature for 15 min, and added to 2 X 10 e adherent 
Sf9 cells in a 60-mm plate, previously washed with serum-free medium. 
After 4 h of incubation on a rocking platform at room temperature, 1 ml 
of complete TC100 medium was added and incubation continued at 
28 °C in a humidified environment. Five days later, the medium was 
harvested, and recombinant virus was plaque-purified by optical 
screening for plaques with occlusion negative phenotype (Summers and 
Smith, 1988). After two rounds of purification, the presence of recom 
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GATCC CAGGC TTTT TGCAGAGA TCGA(MG!ra ^CATCACCATCACCATCAC TA GT 

GGTCCGAAAAACGTCTCTAGCTCCCATCTGTAGTGGTAGTGGTAGTGATCAGATC 
BamHI Factor Xa 6 x His STOP Xbal 



served to generate pBS-hSC:6xHis. This sequence encoding the cleav- 
age site for Factor Xa, six consecutive histidines and a stop codon was 
inserted downstream of the codon for Glu 369 . 

In order to insert SC sequences into the vaccinia transfer vector 
pllK (Bertholet et ol. t 1986), the cDNAs were excised from pBS-hSC 
and pBS-hSC:6xHis by EcoRVXbal double digestion, Klenow filled-in, 
and blunt-end ligated into BamHI/EcoBl cut and Klenow filled pi IK. 
Clones carrying the insert in either orientation were recovered for the 
generation of recombinant vaccinia viruses. The constructs were called 
pllK-hSC, pllK-hSC^ (reverse orientation), pllK-hSGGxHis, end 
pllK-hSC:6xHie rev> respectively. 

Human SC was also cloned into the vaccinia transfer vector pHGS-1 
containing the TAAATG element including the translation start codon 
from the vaccinia 11K promoter (Bertholet et al, 1985). The 5' end of 
the gene was modified using a ClaVAccl fragment generated by recom- 
binant PCR (Higushi, 1990), using oligonucleotides S'-AATAATTT- 
CGCGCGGCCCATTTATAGCATAGAAA-3' and 5'-TTTCTATGCTAT- 



binant and the absence of wild-type virus was confirmed by PCR as 
described (Malitschek and Schartl, 1991), using the polyhedrin gene 
flanking primers 5'-TTTACTGTTTrCGTAACAGTTTTG-3' (forward) 
and 6 '-CAACAACGCACAGAATCTAG-3 ' (reverse). 

Production of Recombinant hSC in Mammalian and Insect Cells 

Stationary phase CV-1, HeLa, or TK" 143B cells at a density of 
2.0-2.5 X 10 7 cells/175 cm 3 T-flask in 20 ml of medium were washed 
with PBS (Sambrook et oi., 1989) and infected with recombinant vac- 
cinia virus at the indicated multiplicity of infection (m.o.i.). Trial ex- 
pression assays were performed with cells cultivated in 6-well dishes in 
1 ml of medium. Infected cells were cultured in Dulbecco's modified 
Eagle's medium in the absence of serum and antibiotics. To assay for 
secreted hSC, 20-50-ul aliquots of culture medium were removed at 
defined intervals and replaced by fresh medium in order to avoid 
changes in the starting culture volume. Culture supernatants originat- 
ing from cells grown in the absence of virus, infected with wild-type 
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virus, or infected with recombinant virus carrying the engineered hSC 
DNA in reverse orientation with respect to the promoter were included 
as controls. 

HeLaSS cells grown to a density of 6 X 10 s cells/ml in suspension 
minimal essential medium were transferred under sterile conditions to 
centrifuge bottles, pelleted 120 x g for 10 min at room temperature, 
then washed twice with PBS and once with serum-free suspension 
minimal essential medium. After resuspension at a density of 1.0 X 10 7 
cells/ml, they were poured into a spinner bottle, infected with an m.o.i. 
of 10 for 1 h, diluted to 4 x 10* cells/ml in serum-free suspension 
minimal essential medium, and then incubated for 21-24 h. Culture 
supernatant was harvested by centrifugation for 15 min at 120 X g. 

Baculovims inocula for infection of Sf9 cells were obtained from cell 
culture supernatants recovered at least 4 days post-infection at m.o.i.'s 
larger than 1 with master stock virus. S© cells at densities of 1 X ID 6 
cells/ml in shaker cultures or 5 x 10 6 cells/2 5 -cm 2 T-flask were infected 
at estimated m.o.i.'s of 1 or 5 by addition of a corresponding volume of 
virue inoculum directly to the cultures. Four days post-infection (or as 
indicated), cells were centrifuged for 10 min at 600 X g and the super- 
natants containing secreted recombinant protein were harvested. Ex- 
pression of secreted and intracellular recombinant SC from mammalian 
or insect cells was monitored by immunoblotting. 

Affinity Purification of Recombinant Human. 
Secretory Component 

Nickel Chelate Affinity Chromatography — Protein recovered from 
mammalian cell culture medium was dialyzecVconcentrated (100-fold) 
in 20 mM sodium phosphate, 500 mM NaCl, pH 7.8 (Ni a+ binding buffer), 
in a Spectrum Micro-ProDiCon system model FS-15 using 25-kDa mo- 
lecular weight cut-ofT membranes. This material was applied to a Hi- 
trap chelating matrix (Pharmacia Biotech; 1-ml bed volume/ml of con- 
centrated culture supernatant), charged with nickel ions and 
equilibrated with Ni 3+ binding buffer. Culture supernatants originat- 
ing from infected Sf9 cells were loaded three times onto Ni B *-nitrilotri- 
acetic acid-agarose columns (Qiagen; 300-pl bed volume for 1 ml of 
culture 8upernatant for analytical, and 2-ml bed volume per 100 ml of 
supernatant for preparative assays), equilibrated with Ni 2+ binding 
buffer. Columns were subsequently washed with 20 mu sodium phos- 
phate, 500 mM NaCl, pH 6.3 (Ni 2 * washing buffer), followed by the 
same buffer containing 20 mM imidazole. Bound protein was eluted 
with washing buffer containing 100 mM imidazole and fractions were 
collected in siliconized polypropylene tubes. Eluted proteins were sub- 
jected to SDS-PAGE, and purity as well as lack of degradation were 
assayed by silver staining and immunoblotting. 

Concanavalm A Affinity Chromatography — Mammalian cell culture 
supernatant were dialyzed and concentrated as above, in 10 mM TVis- 
HCI, 150 mM NaCl, 1 mM CaCl^ 1 mM MnCL^ (ConA-binding buffer). 
This material or unconcentrated insect cell culture supernatant were 
passed over ConA-agarose beads (Vector Laboratories, 500-/J bed vol- 
ume per ml of loaded material), equilibrated with ConA binding buffer. 
The columns were extensively washed with ConA binding buffer, and 
bound material was eluted with the same buffer containing 600 mM 
methyl- a-D-roannopyranoside (Fluka). Collection and subsequent anal- 
ysis effractions were carried out as above. 

Enzymatic Deglycosylation 

Recombinant hSC produced in various host cell types was treated 
with the endoglycoaidases PNGase F (EC 3.2.2.18 and 3.5.1.62) or 
EndoH (EC 3.2.1.96; both Boehringer Mannheim) according to the 
manufacturer's instructions. Briefly, 160 pi (insect) or 600 pi (mamma- 
Han) cell culture supernatant or, as controls, appropriate amounts of 
human slgA (Sigma) or purified nonglycosylated hSC produced in bac- 
teria, were extracted with a mixture of methanol and chloroform and 
precipitated with methanol, as described (Weasel and FKlgge, 1984). 
The precipitates were solubttized and denatured by boiling for 2 min in 
60 pi of 1% SDS. 15 ftl of this solution were added to 135 pi of PNGase 
F buffer (20 mM sodium phosphate, 60 mM EDTA, 10 mM sodium azide, 
0.6% Nonidet P-40, 0.1 it 0-mercaptoethanol, pH 7.2) for mock treat- 
ment and PNGase F digestion, or to 135 pi of the same buffer, but 
adjusted to pH 5.6, for EndoH digestion. The samples were again boiled 
for 2 min, then 4 pi of PNGase F (0.2 unit/ul), EndoH (1 milliunit/fU), or 
HjO were added to the corresponding tube. Digestions and control 
samples were incubated at 37 °C for 16 h, then extracted and precipi- 
tated using the methanol/chloroform procedure. The resulting pellets 
were dissolved in sample buffer for analysis by immunoblotting. 



Immunoblotting 

Proteins were subjected to PAGE on 6 or 8% resolving gels under 
denaturing (0.1% SDS) and reducing (100 mM dithiothreitol) conditions, 
together with prestained molecular weight markers (Bio-Rad). Sepa- 
rated proteins were then transferred to nitrocellulose or polyvinyl! dine 
difluoride membranes (Bio-Rad) according to the manufacturer's rec- 
ommendations. Nonspecific binding sites were saturated for 1 h at room 
temperature by incubation m a blocking buffer made of TBS (25 mM 
Tris-HCl, 137 mM NaCl, 2.7 mM KCI, pH 7.6), 6% non-fat dry muk, and 
0.05% Tween 20 (Bio-Rad). The membrane was probed for 1 h at room 
temperature with either a rabbit antiserum against recombinant hSC 8 
or a mouse monoclonal antibody to hSC (Sigma), diluted 1:3,000. Bound 
antibodies were detected using horseradish peroxidase-conjugated anti- 
rabbit or anti-mouse immunoglobulin antibodies (Sigma) and the en- 
hanced chexnilunrinescence kit from Amersham. 

Dot Blot Reassociation Assay 

Dimeric IgA specific for mouse mammary tumor virus gp52 protein 
were purified from mouse hybridoma clone MB2 (Weltzin et al f 1989) 
by size exclusion chromatography on a Sepharose CL-4B column (2.2 x 
100-cm; Pharmacia Biotech Inc.). Mouse IgG were obtained from Sigma. 
Binding of recombinant hSC to dlgA antibodies was tested as follows. 
600 ng of mouse dlgA, or as a control 200 ng of mouse IgG in 10 *d of 
PBS containing 6.25% glycerol, were spotted onto 24-mm diameter 
nitrocellulose membranes (0.2-jun pore size; Schleicher & Schuell) and 
allowed to air dry. Filters were then transferred to 6-well tissue culture 
dishes and blocked with TBS containing 5% non-fat dry milk and 0.05% 
Tween 20 for 1 h at room temperature. After removal of the blocking 
solution, the dlgA-carrying niters were overlaid with 100 ng of recom- 
binant hSC protein (recovered from crude culture supernatant, or pu- 
rified by affinity chromatography) in 1.5 ml of fresh blocking solution 
for 1 h at room temperature. After three 10-min washes with TBS, 
0.05% Tween 20, recombinant hSC bound to the dlgA on the mem- 
branes was detected using monoclonal anti-hSC antibodies (Sigma) 
under the conditions given for immunoblotting. Similarity, samples of 
recombinant hSC containing 100 ng of protein were immobilized onto 
nitrocellulose and overlaid with mouse dlgA or IgG under the condi- 
tions given above. Detection of the bound component was performed 
with anti-mouse IgA or anti-mouse IgG Fc specific-monoclonal antibod- 
ies (Sigma), respectively. 

ELISA 

Two-antibody sandwich assay was performed according to Harlow 
and Lane (1988). The first antibody was mouse monoclonal antibody to 
hSC (Calbiochem) at a dilution of 1:500, the second antibody was rabbit 
polyclonal antiserum to hSC 3 used at a dilution of 1:1,000, and detec- 
tion was carried out using a goat anti-rabbit IgG peroxidase conjugate 
antibody (Sigma; dilution of 1:1,000) with 1,2-phenylenediamine as the 
chromogene. These conditions were optimized to detect as little as 0.25 
ng of hSC in a native conformation. 

High Pressure Gel Filtration Chromatography 

In a total volume of 100 pi of PBS, varying amounts of purified 
recombinant hSC were incubated with a constant amount of dimeric 
IgA, yielding solutions of 0.5:1, 1:1, and 2:1 pM, respectively. The 
solutions were incubated for 16 h at ambient room temperature and 
then passed over a 1-cm X 30-cm Superose 12 HR 10/30 column (Phar- 
macia) coupled to a FPLC system (Pharmacia) at 0.3 ml/min. Elation 
was effected with PBS, with continuous monitoring performed at 278 
nm. The presence of dimeric IgA and recombinant SC in peak fractions 
was confirmed by Western blotting. 

RESULTS 

Construction of Recombinant Virus — In order to determine 
the role of SC in IgA antibody stability and its contribution to 
protection against microbial pathogens, we have produced re- 
combinant human SC that retains its capacity to bind dimeric 
IgA using two viral expression systems. Since SC is generated 
by proteolytic cleavage of the plgR during transepithelial 
transport we introduced a stop codon in the receptor's cDNA at 
a position corresponding to the putative natural cleavage site. 
The 5' region encoding the hSC signal peptide was preserved in 
order to direct the protein into the secretory pathway and to 



2 L. Rmdisbacher and B. Corthesy, unpublished data. 
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Fig. 1, Schematic representation of cloning and engineering 
of hSC Sequence into baculovirus and vaccinia vims expression 
vectors The pVL1392 construct contains the hSC cPNA fragment 
encoding amino add Met 1 to Glu 680 downstream of the baculovirus 
poly^edrin piromoter (pPfl). A stop codon (JBnal or an artinaal sequence 
coding, for 6 histidines and a stop codon (SxBisEnd) was introduced 3' 
of amino acid 513,9. The naturally occurring Kozak sequence in.h@G was 
conserved in the cloning process. Constructs pllK and pHGSl contain 
the same segment ofhSC cDNA, with the presence or absence of codons 
for a 6xHis tail, Both, constructs are under the control of the Vaccinia 
virus late 11K promoter (pllK). Construct pllK carries the hSC Kozak 
sequence, while in construct pHGSl, the highly conserved vaccinia 
virus promoter element TAAAT(G) is coupled to the initiation ATG 
codon as in the natural situation. At the level of the junctions between 
viral and ftSG sequences, the hSC 5' region is shown in bold characters. 
Sequences involved in homologous recombination are .depicted as open 
rectangles, prompters as dot-filled arrows, and the ss box upstream of 
the hSC gene stands for signal sequence. 

subsequently recover the recombinant protein from the culture 
medium* Finally! to facilitate the purification of the protein, a 
histiduie hexamertag preceded by a factor Xa cleavage site was 
inserted upstream of the artificial stop codon, encoding six 
consecutive histidines preceeded by a Factor Xa cleavage site. 
The resulting recombinant genes were subcloned into vaccinia 
and baculovirus transfer vectors (Fig. 1). 

The foreign DNA was introduced into the double-stranded 
DNA genome of vaccinia or baculovirus following published 
procedures (Mackett et al 7 1984; Summers and Smith, 1988). 
The foreign genes require viral promoters to drive efficient 
transcription. The transfer plasmids pllK and pHG&l contain 
the vaccinia late promoter PllK (Hanggi et ah, 1986) flanked 
by vaccinia TS sequences to direct recombination into the TK 
locus of the viral genome. In the pi IK recombinants, the Kozak 
sequence (Kozak, 1986) was derived from the hSC gene itself; 
while pBGS-1 recombinants contain viral trariscriptional and 
translational regulatory sequences originating from the UK 
viral gene* Recombinant hSC DNAs containing their own 
translation initiation signals were subcloned into the baculovi- 
rus transfer vector pVL1392, downstream of the promoter gov- 
erning expression of the viral polyhedrin gene. The presence of 
the hSC cBNA insert in the viral genomes, as well as the 
absence of contaminating wild-type virus, was ascertained by 
PGR utilizing hSC sequence- or transfer vector-Bpecific prim- 
ers, respectively, that generated unique amplification products 
of the expected sizes (data not shown). 

Optimization of Recombinant Human Secretory Component 
Expression— We first determined the kinetics of hSC produc- 
tion after infection at a multiplicity of infection (m.o.i.) of 1 or 
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sect cells as a function of multiplicity of Inaction. Panel A> 
cultures of CV-1 cell monolayers were infected either with vaccinia 
virus recombinant pl lK-hSC:6xHis (lanes IS) or vaccinia virus recom- 
binant pHGrSl-hSC:6xlBs (fanes 6-10) at m.p.u of 1 plaque forming 
unit/cell {top) and 5 plaque forming units/cell (bottom). At 3, 6, 9, 20, 
and 23 h post-infection, aliquots were taken up* separated by SDS- 
PAGE (8% separating gel; reducing conditions), transferred to blotting 
menu>xane, and hSC was detected immimochemically as described un- 
der "Experimental Procedures** Molecular size markers are given in 
kilodaltons. Panel B, refined time course analysis of hSC expression in 
HeLa cells infected with wmma mrau wmmKinp^ jt\ i ji^ sjh.f *ff]p fff- 
a m.oi. of 5 plaque foraiing units/cell. Aliquots of supernatant were 
collected 3, 6, 9, 12, 15, 27, 30, and 33 h pest-infection. Protein accu- 
mulation in the culture medium was monitored using Western blot 
Panel C, analysis of hSC synthesis during iecombinantbacnlOTirus 
infection. Sf9 cell grown in suspension (Janes 1-6) or as monolayers 
(Janes 7-12) were infected with approximately l and 5 plaque forming 
units/cell of baculovirus recombinant pvL!392-hSC:6xHis. Culture me- 
dium of cells grown in suspension or as a monolayer were taken up at 
day 0, 1, 2, 3; 4, and 6, and analyzed by immunodetection. 

5. CV-1 cells were infected with recombinant vaccinia viruses 
pllK-hSC:6xHis and pHGSl-h8C:6xHis. To facilitate subse- 
quent purification of the product, the cells were cultured in 
serum-free Dulbeceo's modified Eaglet medium during infec- 
tion and the production phase. Aliquots of culture supernatant 
were removed at 3, 6, 9, 20, and 23 h postrmfection, separated 
by polyacrylamide gel electrophoresis; and hnmunoblotted with 
hSC antiserum. The recombinant protein appeared 9 h after 
infection using the pllK-hSC:6xHis recombinant virus (Fig. 
2A). Increasing the m.o.i. from 1 to 5 accelerated the production 
without increasing the final yield of hSC by 20 and 24 h after 
infection {Table I). Addition of serum to the culture medium did 
not enhance SC production (data not shown). 

The kinetics of hSC production reflected that observed with 
other heterologous cDNAs driven by the vaccinia late promoter 
(Hanggi et al t 1986). To test whether the rate of hSC produc- 
tion and secretion observed in CV-1 cells was similar in another 
cell line, we infected HeLa cells at an m.o.i. of 5 with the 
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Table I 

Production of recombinant hSC using the vaccinia virus system 
Serial dilutions of culture supernatants were assayed by EIJSA using 
purified slgA as a standard. The linear part of the response curve was 
used for quantification. 
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pllK-hSC:6xHis recombinant virus, and looked for hSC pro- 
duction at shorter intervals. The appearance of hSC was as- 
sessed hyiriimunoblotting (Fig. 2B), and quantitative analysis 
was based on ELISA (Table I). Secreted recoinbinant hSC could 
be observed 6 h after infection, starting to accumulate after 9 h. 

Following infection of insect cells with recombinant baculo- 
virus, expression of the corresponding recombinant protein is 
known to follow slower kinetics when compared to vaccinia 
virus (Summers and Smith, 1988). Similar slow kinetics of hSC 
secretion were observed in Sf9 cells infected with pVL1392- 
hSC:6xHis recombinant baculovirus (Fig. 2©. Suspension or 
monolayer cultures were infected at estimated m.oi.s of 1 and 
5, and aliquots of culture medium were removed at 0 through 5 
days post-infection in 24-h intervals and analyzed by immuno- 
blotting. Suspension cultures start to accumulate recombinant 
protein in. the supernatant 2 days post-infection. As compared 
to monolayer cultures, production in suspension yielded higher 
amounts of hSC. 

On iromunoblots, recombinant hSC produced from recombi- 
nant vaccinia virus was detected in as little as 2.5 ul of cell 
culture supernatant, whereas the baculovirus product was re- 
vealed in less than 1 jil of supernatant. The protein expressed 
by each of the systems was quantitated densitometrically by 
comparing the signals obtained from increasing amounts of 
culture supernatant with known quantities of an slgA stand- 
ard on the linear part of the response curve of the Western blot 
(data not Shown). The concentration of hSC recovered in cul- 
ture supernatants from the vaccinia virus/mammalian cell sys- 
tem ranged from 6 to 10 mg/liter, while the baculoviruB/insect 
cell system yielded up to 60 mg/liter. 

Addition of Sequences to the COOH Terminus ofhSC Does 
Not Alter Expression— The cDNAs introduced into the viral 
genomes contained initiation sites for translation derived ei- 
ther from the hSC gene itself or, in the case of vaccinia pHGS-1 
recombinants, from the viral UK gene. In addition, a 6xHis tag 
preceded by a Factor Xa cleavage site were fused to the artifi- 
cial carboxyl termini of the recombinant proteins (Fig. 1). To 
determine whether these minor differences in nucleotide and 
amino acid sequence altered hSC expression, CV-1 cell mono- 
layers were infected with the various vaccinia virus recombi- 
nants at an m.o.i of 1. Twenty hours post-infection, equal 
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Fig. 3. Western: blot analysis of engineered hSC produced in 
CV-1 and Sft> cells. Panel A, expression of hSC as a function of 
engineered cDNA inserts. CV-1 cell monolayers were infected either 
with recombinant vaccinia virus pllK-hSCEnd> vaccinia virus recom- 
binant pllK-hSC^, two individual vaccinia virus recombinants pllK- 
hSCrSxHia, recombinant vaccina virus pHGSl-hSC, three individual 
vaccinia virus recombinants pHGSl-hSC;6xIEs at a multiplicity of 1 
plaque forming unit/cell. 20 h post-infection, cell culture media were 
collected and 20 yX of feach supernatant were analyzed by immunoblot- 
ting as described under "Experimental Procedures." Molecular size 
markers are- given in kDa. Panel B, expression of hSC carrying or 
lacking a 6xHis tag in Sf9 cells infected for 4 days with bacutovirqs 
recombinant pVL1392-hSC or pVL1392-hSC:6xHifl > respectively. No 
expression of hSC occurs in Sf9 cells infected with wild type BV. 

amounts of supernatant were collected* and the presence of 
hSC protein was assessed by Western blotting. As shown in 
Fig. SA, comparable signal intensities on the Western blot and 
similar patterns of migration of recombinant hSC production 
were observed. With both the hSC and 11K regulatory se- 
quences upstream, of the ATG codon, equivalent amounts of 
protein were synthesized as assayed by EUSA (Table I), re- 
flecting comparable translation initiation efficiencies. The ad- 
' dition of six listidyl residues together with the target sequence 
for Factor Xa at the carboxyl terminus of the protein did not 
alter the secretion of recombinant hSC using either viral ex- 
pression systems (Fig. 3>A and 5). No hSC production was 
detected when CV-1 cells were infected with a vaccinia recom- 
binant carrying the hSC gene in reverse orientation with re- 
spect to the viral promoter. Accordingly, no recombinant pro- 
tein was produced by CV-1 or infected with wild=-type virus 
or by non-infected cells (data not shown}. 

The Glycosylatfrn Pattern tifhSC Differs Depending on the 
Cell Line and the Recombinant Viral Expression System—The 
apparent molecular weight of secreted recombinant hSC varied 
significantly depending on the host cell type used for expres- 
sion (Fig. 4A): When produced in insect cells which are unable 
to generate fully glycosylated forms, the hacutovirus hSC prod- 
uct migrated faster than natural hSC on SDS gels. When 
recovered from human HeLa or TK~ 143B cells, hSC signifi- 
cantly and reproducibly migrated at a slightly higher Af r than 
natural human SC, or recombinant hSC produced by monkey 
CV-1 cells. In order to correlate these size differences with 
glycosylatibn, we examined the susceptibility of recbmbuiarit 
hSC to the action of endoglycosidase PNGase F, which removes 
high mannose, hybrid, and complex type tf-linked carbohy- 
drates from glycoproteins (Tarentino and Plummer, 1994). 
Upon PNGase F treatment, two bands were observed with 
recombinant hSC produced in mammalian cells (Fig. 45); a 
66-kDa band comigrating with the unglycosylated bacterial 
product, and a 60-kDa band corresponding to the deglycosyl- 
ated "natural" product. In Sf9 insect cells, only the 60-kDa 
band could be detected. We explain this digestion pattern as 
follows. Following transcytosis, the plgR is trimmed of both its 
transmembrane and cytoplasmic domains by a so far uniden- 
tified protease activity, leading to the release of SC. The site of 
protease^ cleavage has not been denned with dependable accu- 
racy. Our constructs are based on cleavage at Glu Ba ® (see 
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Bto. 4. Enzymatic deglycosylation of recombinant hSC ex- 
pre^^ in d^ei^c^U bnes. Pane/ vi, whole ceUlysateirom^ toft 
M15 strain tamsformed with expression vector pQE9-hSC6xHiijEnd 
CB), crude supematants from baculovirus recombinant pVlil392-hSG: 
fttHifl-ntfected Sffi cells (Sf9), vaccinia vims reconiofcant pil&hSC: 
6>ffis-mfected HeLaS3 cells (S3), HeLa cells (£0, TK" MSB cells (2X), 
CV-1 cells (C), and fltandard huaoaan secretory IgA CT^) were separated 
on a reducing 8% SDS-polvaaylamide gel, blotted to polyv^ylidme 
difluoride membrane* and location pfhSC was identified using anti-hSC 
monoclonal antibody. Note the difference in the patterns ohnigration of 
the overpro duped hSC proteins compared to the natural hSC. Panel B, 
snpernatante shown in panel A were incubated in the presence of 
PNGase F (F), endoglycosydase H (fl), or thecorreapondingbufier alone 
The resulting samples were eleotxophoresed on 6%^polyacrylamide 
gel, and processed, for immunodetection. 
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Fig. 5; Purification of recombinant hSC by affinity chroma- 
tography. Analysis by SDS-PAGE {$% separating gel, reducing condi- 
tions) of purified hSC produced either in HeLaSS cells infected with 
vaccinia virus recombuiant pllK-hSO^xHis (panels A and £), and in 
Sf9 cells infected with haculovirus recombinant pVLl392-hSC:6xHis 
(ponds C and/)). Panel$ A and C correspond, to sam^ 
aMnity chromatography on Ni 2 +-cbelate column, whereas parted B and 
D contain fractions from the GonA affinity column. Samples in panels 
A?D Were loaded in the following order: lane I, cell Cultpre supertiatant 
iSN); lane 2, column flow-through (fTr, lane 3 t column fraction contain- 
ing the first wash (W); lanes 4 and 6, column fraction containing the 
elutdon peak of hSC QZ). Proteins were visualized by silver staining 
(lanes 1-4) and immunodetection (lane 5). Molecular size markers are 
given in kilodaltons (fePaX 



"Experimental Procedures'*), leading to the synthesis of a re- 
combinant protein with a calculated molecular mass of 66,026 
daltons in the absence of any glycosylation. Assuming that the 
band at 60-kDa represents the deglycosylated, naturally 
cleaved plgR, a portion of the hSC proteins expressed in mam- 
malian cells and all of the protein produced in insect cells have 
somehow been trimmed to the size of natural hSC. On the other 
hand, a proportion of the mammalian products remains intact 
and migrates at the expected position for a fully deglycosylated 
recombinant hSC, such as the unglycosylated recombinant bac- 
terial product Such proteolytic cleavage within the C0OH- 
terminal region of the recombinant protein would also remove 
the 6 x hietidine tag, thus affecting tihe yield of hSC purified on 
Ni 2+ affinity resins (See below). Endoglycosidase H, an enzyme 
that does not cleave complex type tf-linked carbohydrate 
(Elbein et a/., 1982), did not induce any significant change in 
the molecular weight of recombinant hSC (Fig. 4B)> suggesting 
that the bulk of carbohydrates JvMinked to recombinant hSC is 
of the complex type. 

Purification of Recombinant Human Secretory Component— 
Recombinant hSC protein carrying n carboxyl-terminal 6xHis 
tag produced by HeLaS3 or Sf9 cells maintained in serum-free 
medium was purified from 20-h or 4-day post-infection super- 
natants, respectively, by Ni 2+ -chekte affinity chromatography. 
Small volumes of about 100-fbld concentrated HeLa or uncon- 
centrated Sf9 supernatant were applied onto equilibrated in 
binding buffer at pH 8.0. In order to remove unspecjfically 
bound material, the column was washed stepwise with, washing 
buffer (pH 6.3), and subsequently with washing buffer contain- 
ing a subelution concentration (20 mM) of imidazole competitor. 
Recombinant hSC was eluted at 100 mM imidazole, indicating 
high binding specificity to the Ni 3+ resin. Purified hSC from 



Sf9 cells migrated on SOS-PAGE as a single band of about 70 
kDa (Pig. 5G, lane 4) with no degradation products as revealed 
by immunodetection (Fig. 5C, lane 5) and the recovery was 
estimated to be 80-90% of the amount of recombinant hSG 
loaded onto the column. The recovery of purified hSC produced 
using the vaccinia system peached almost 100% with several 
SC-unrelated proteins probably of viral Origin contaminating 
the preparation (Fig. 5A, lanes 4 and &). 

This drawback prompted us to evaluate a different affinity 
chromatography protocol. Since recombinant hSC produced in 
mammalian and Sf9 cells is glycosylated (Fig. 4), we explored 
the possibility of purifying the recombinant protein on a lectin 
column. Dialyzed/concentrated GV-1 supernatant or unconcen- 
trated Sf9 supernatant were loaded onto the ConA column and, 
after extensive washing;, recombinant hSC was eluted with 0.5 
m methyl-a-rKmamiopyranoside. Human SC produced by the 
vacrinia/HeLaS3 system eluted as a single M T 86,000-90,000 
band on silver-stained SDS-PAGE (Fig. 5B, lane 4) or immu- 
noblot (Fig. 5B r lane 5). The recovery was over 90%. The protein 
expressed in Sf9 cells was also efficiently purified (Fig. 5D), but 
the elution was over a broader range of fractions with a final 
recovery below 60% 

Interaction Between Recombinant hSC and Dimeric IgA— 
The IgA binding activity of recombinant SC was assessed by a 
dot blot reassociation assay (DORA). The principle illustrated 
in Fig. 6A is described under "Experimental Procedures. w After 
immobilization of one of the interacting partners on a nitrocel- 
lulose filter, the other component is added as an overlay in a 
buffered solution in the presence of nonspecific protein compet- 
itor. Association is determined by immunodetection of the com- 
ponent in the overlay phase. Formation of a specific SOdlgA 
complex was observed with hSC recovered from the superna- 
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FlQ. 6> In vitro determination of binding specificity between 
rec ombinan t SC and dhnerio IgA. Panel A, cartoon representation 
of DORA. Details are given under "Experimental Procedures/ Panel B, 
binding of mouse dimeric IgA (IgA) 2 to human SC secreted in culture 
supernatant (SN) of recombinant virus-infected cells (lanes 1-60. Sf9 
cells were infected with baculovirus recombinant p\Tjl392-h5C;6xHis, 
and mammalian cells with vaccinia virus recombinant pllK-hSC: 
6zHis. SN* corresponds to supernatant of CV-1 cell infected with vac- 
cinia virus recombinant pllK-hSG'&cHis^. Lanes 7-12 show binding 
of the same set of SC-containing SN to spotted dlgA. SC and dlgA were 
present at a 1:1 molar ratio. S3, HeLa$3 cells; anti-tx-chain, affinity 
purified antibody against the heavy chain of mouse IgA; anti-SC, mono- 
clonal antibody against human SC. Panel C, binding of dlgA to purified 
recombinant SC produced in culture SN of SO, HaLaS3, and CV-1 cells 
infected as for the experiments in panel B (Zones 2-3). Association 
between purified SC and immobilized dlgA is shown in lanes 4-6*. Panel 
D t lack of interaction between purified recombinant SC produced in 
virus-infected Sf9 and HeLaS3 cells and mouse IgG (/one? 1 and 2). 
Binding of anti-SC antibody to spotted SC is not abolished after incu- 
bation with IgG (lane 3). Anti--y-chain, affinity purified antibody against 
the Pc domain of mouse IgG. 

tant of insect and mammalian cells infected with the appropri- ■ 
ate recombinant virus (Fig. 6B, lanes 1-6 and 7-il). Both 
interacting partners retained their binding capacity indicating 
that, the functional structure of the immobilized protein was 
preserved. This was further supported by the recognition of 
recombinant SC by SC-specific antibodies (Kg. 6D y lane 31 No 
binding was detected in supernatants from cells infected with 
recombinant vaccinia expressing SC in the reverse orientation 
(pllK-hSC:6xHis rev ; Kg. 6B, lanes 6 and 12), with wild-type 
virus or from non-infected cells (data not shown). In order to 
further demonstrate the specificity of the interaction, we re- 
peated the DORA, with purified hSC produced in three different 
cell lines (Kg. 6C). Consistently, immobilized SC bound di- 
meric IgA (lanes 1-3) and recombinant hSC bound to immobi- 
lized dimeric IgA (lanes 4-6). Recombinant SC did not bind IgG 
(Kg. 6D, lanes 1 and 2). To determine which proportion of 
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Fig. 7. In vitro determirinticm of binding efficiency between 
recombinant SC and dimeric IgA. Panel A, over 95% of recombinant 
hSC input binds dimeric IgA (dlgA), DORA was performed as described 
under ^Experimental Procedures* and unbound hSC in the superna- 
tant was analyzed by ELISA. Lanes 1, % 5, and 7, input hS(5; fanes 2, 
4, 6, and 5,. hSC in the. overlay after a i-h incubation. Lanes 1 and 2 t 
h$G expressed in Sfe cella and dlgA; lanes 3 and 4, hSC expresBediri 
HeLa cells and dlgA; lanes 5 and oyhSC expressedin Hel>a cells and no 
dlgA; lanes 7 and 8> hSC expressed in HeLa ceils and monomelic IgA 
(mlgA). The ELISA read-out corresponding to unbound hSC is ex j 
pressed as 100ft on the vertical axis. Panel B> high pressure gel- filtra- 
tion chromatography of varying ratios of recombinant hSC to dlgA. The 
reactants were present at a 0.6:1 molar ratio {— ), a 1:1 molar ratio 
(~ -), and a 2:1 molar ratio (—) o£hSC to dimeric IgA, respectively. The 
position of the slgA complex and free SC are indicated on the top of the 
peaks. 

recombinant hSC.is capable of associating with dimeric IgA^ we 
analyzed by ELISA the hSC recovered in the overlay after 
incubation with the nitrocellulose filters carrying the polymeric 
immuno^obulins (Kg. 7A). No more than 5% of the recombi- 
nant hSC protein input can be detected when an exruimolar 
mixture of the partners is mixed (compare lanes 1 and 3 with 
lanes 2 and 4), reflecting both quantitative binding to dimeric 
IgA and correct three-dimensional folding. In the absence of 
dimeric IgA (lane 6\ or when monomeric IgA was spotted (lane 
8) t recombinant hSC remained free in the Overlay. These series 
of binding data demonstrate the usefulness of the DORA test 
for rapid and sensitive assessment of SOdlgA ^association 
in vitro. 

SC-dlgA complex formation was further demonstrated by 
high pressure gel filtration chromatography experiments. Dif- 
ferent molar ratios of recombinant hSC and dimeric IgA were 
reacted at room temperature for 16 h, and their products were 
resolved by size fractionation (Kg. 7J3). Observation of a shift in 
the position of elution of hSC to that of dimeric IgA indicates 
that the two proteins can recognize each other in this dynamic 
assay totally performed in buffered solution. At a 0.5:1 ratio of 
bSC to IgA, only the high molecular weight complex peak is 
present, indicating that the reformation of hSC-IgA complex 
oocurs, and accordingly, that recombinant hSC is properly 
folded. At a 1:1 ratio, the hSC peak is again totally shifted to 
the position of the high molecular mass species^ At a 2:1 ratio > 
the hSC'IgA complex peak remains the same, but a free hSC 
peak is now observed. 

DISCUSSION 

Secretory IgA, the major immunoglobulin class in mucosal 
and glandular secretions, consists of one dimeric IgA unit and 
two additional polypeptide chains, J chain and SC. The heavy, 
light, and J chains are synthesized and dimeric IgA is assem- 
bled in plasma cells, whereas SC is contributed by the epithe- 
lial cells of mucosal and glandular tissues. To produce large 
amounts of slgA for passive oral (mucosal) immunization 
(Apter et al., 1993a, 1993b; Lee et al 7 1994), it is necessary to 
synthesize both SC and dimeric IgA in different cells and 
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subsequently properly associate the two components. While 
large amounts of dlgA can be produced by and purified from 
hybridoma clones, preparation of complete slgA has been so far 
prevented by the lack of efficient production systems for SC. As 
a first step toward in vitro reconstitution of slgA antibody 
molecules, we evaluated two viral expression systems for the 
production of human SC that retains its capacity to bind and 
stabilize dimeric IgA molecules. 

The insect cell-based baculovirus system is well suited for 
high-level expression of heterologous genes (Miller, 1993). Ap- 
propriate folding, assembly, and targeting of recombinant pro- 
teins by insect cells, as well as their capacity to perform many 
of the post-translational modifications of higher eukaryotes, 
usually allowed the recovery of large amounts of biologically 
active product. Complex molecular structures such as murine 
immunoglobulin heterodimers have been successfully produced 
utilizing this system (Putlitz, 1990). Vaccinia virus has been 
used to express foreign genes in mammalian cells for more than 
10 years (Mackett et al. y 1982; Panicali and Paoletti, 1982). Due 
to the extended host range of vaccinia, the heterologous gene 
contained in one single virus recombinant can be expressed in 
almost any mammalian cell type. Therefore, infection with 
recombinant vaccinia virus usually generates high amounts of 
a mammalian protein that most closely resembles its natural 
counterpart in terms of structure and function. 

We first established that recombinant SC was produced and 
transported along the secretion pathway in both systems. The 
levels of expression for all constructs were indistinguishable 
and within the expected range, i.e. 5-10 mg of protein/liter of 
culture medium for the vaccinia system, and 50 mg of protein/ 
liter of culture medium for the baculovirus system. In addition, 
the use of translation initiation sites of different origins in the 
vaccinia system did not have any visible effect either. Thus, 
subtle modifications in the engineered cDNA were very well 
accommodated by the cellular machinery responsible for tran- 
scription, translation, maturation, and secretion of recombi- 
nant hSC. 

Human SC purified from milk is heavily glycosylated with 
four iV-linked sugar side chains accounting for over 20% of its 
molecular weight (Mizoguchi et al t 1982). A major disadvan- 
tage of the baculovirus system compared to the mammalian 
cell-based system is its limited ability to terminally glycosylate 
glycoproteins (Miller, 1993, and references therein). Our re- 
sults with endoglycosidase treatment indicate that complex- 
type carbohydrate contributes approximately 10 and 19-24 
kDa to the apparent molecular mass of hSC produced in insect 
and mammalian cells, respectively. hSC from purified slgA 
antibodies behaves in a very similar fashion as the recombi- 
nant proteins in terms of migration on SDS-PAGE, as well as 
toward treatment with endoglycosidases, indicating a strong 
structural relationship between the natural and overproduced 
species. Recombinant SC produced by insect and mammalian 
cells were both able to efficiently bind to dimeric IgA, suggest- 
ing that slight differences in glycosylation did not affect the 
interaction, as previously reported by Bakos et al. (1991, 1994). 
Indeed, these authors showed that deglycosylated SC bound 
with equal or higher affinity to polymeric IgAs. Whether gly- 
cosylation affects the kinetics of SC-IgA association and play a 
role in protection will require further biochemical and immu- 
nological investigations. 

Metal-chelate affinity chromatography first described by 
Porath et aL (1975) is based on the ability of certain amino 
acids (histidine, tryptophan, and tyrosine) to act as electron 
donors for reversible binding to transition metal ions immobi- 
lized on a solid support The affinity of histidine residues for 
immobilized Ni 2+ ions allows selective purification of proteins 



containing a stretch of at least six consecutive histidines in 
surface-exposed regions of the molecule, such as amino and 
carboxyl termini (Hochuli et al. t 1987). Fusion of six histidines 
adds only 720 daltons to the protein, and its biological function 
and immunogenic properties are usually retained (Janknecht 
et al. f 1991; Parvin et aL, 1992; Taussig et aL, 1993). Efficient 
single-step purification of baculovirus-expressed hSC with di- 
meric IgA binding capability further demonstrates the poten- 
tial of this chromatography. In contrast, hSC protein expressed 
with the vaccinia system could not be purified to homogeneity 
as contaminating polypeptides were repeatedly co-eluted at 
high imidazole concentration. Since the same pattern of con- 
taminants was observed with different cell lines, it is likely 
that those are of vaccinia viral origin. 

ConA affinity chromatography represents a second efficient 
single-step procedure to purify recombinant hSC. This was 
facilitated by growing the cells in serum-free conditions. In 
addition, it appears that glycoproteins secreted by infected cells 
represents a small proportion of the large number of cellular 
and viral proteins present in cell culture supernatants (Fig. 5). 
The recovery of vaccinia-produced hSC is almost complete, 
whereas baculovirus-expressed hSC is only partially yielded 
under identical conditions, reflecting a stronger affinity for the 
lectin due to the lower content of complex sugars in insect cells 
rendering more terminal a-D-mannose residues accessible to 
immobilized ConA. 

We have developed a simple dot blot overlay assay to assess 
IgA binding of recombinant hSC (Fig. 6A). The recombinant 
hSC protein binds exclusively to dimeric IgA, and is produced 
in an active conformation, as less than 5% is found not to be 
^associated with IgA (Fig. 6, B and C; Fig. 7A). The specificity 
of binding is further illustrated in control experiments showing 
that hSC does not bind to IgG (Fig. 60). It is worth mentioning 
at this point of the discussion that we only used purified di- 
meric IgAs, and not simply the secretion products of hybridoma 
cultures known to contain monomers, multimers, aggregates, 
and serum proteins that could nonsperifjcally trap recombi- 
nant hSC in the assay. In addition, the quantitative shift in the 
position of ehition of recombinant hSC upon binding to dimeric 
IgA observed in gel filtration experiments (Fig. IB) further 
validates the filter binding assay as a fast, qualitative* and 
reliable test. These binding data indicate that, (a) specific rec- 
ognition between recombinant hSC and dimeric IgA occurs in 
solution, (6) confirm that all, or nearly all the recombinant hSC 
protein is competent for binding to dimeric IgA, (e) argue in 
favor of an 1:1 stoichiometry of association, as suggested by 
previous studies (Kerr, 1990). The biochemical nature and ki- 
netics of the interaction of heterologous and homologous IgA 
with recombinant hSC produced by the different expression 
systems and cell types is currently being analyzed. 

In conclusion, the baculo- and vaccinia viral systems are 
suitable to provide high yields of recombinant hSC. Efficient 
procedures allowed purification of the recombinant protein in a 
single step. This material will be used on a preparative scale for 
reassociation with mouse and human monoclonal IgA, as well 
as with humanized recombinant antibodies of the A isotype. 
This approach will allow investigation in vitro of the stabilizing 
effect of hSC in slgA complex against protease degradation as 
well as its contribution to mucosal immune protection (Boren et 
aL, 1993). In addition, thanks to the availability of sufficient 
amounts of SC, it will be possible to determine in animal 
models the immunoprotective potential offered by dimeric IgA 
alone and reconstituted with recombinant SC. 
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